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Strained-layer multiple quantum welMQW) InAsP/InP optical modulators have been fabricated
from layers grown by metal-organic vapor phase epitaxy. The devices are a sguieeMPW)-n
photodiodes in which the active core regions consist nominally of 25 periods of 10 nm InAsP
guantum wells of 4.4%, 10.0%, 15.6%, and 26.4% As composition separated by 10 nm InP barriers.
Structural parameters for the samples were obtained using high-resolution x-ray diffraction rocking
curves and transmission electron microscopy. The series contains samples with both coherently
strained and partially relaxed multi-layers where the relaxation is characterized by misfit
dislocations. The band offsets for the heterostructures were determined by fitting the energy
positions of the optical absorption peaks with those computed using the Marzin—Bastard model for
strained-layer superlatticelas in M. Beaudoinet al, Phys. Rev. B53, 1990 (1996]. The
conduction band discontinuities thus obtained are linear in the As composition{@.88 meV per

As % in the InAsP layerat low and room temperature for As concentrations up to 39%, and up to
17% average relaxation. Comparisons between the coherently strained and partially relaxed samples
demonstrated a broadening of optical transition linewidths due to relaxation which appears to be of
minor consequence for optical modulator devices as the essential optical and electrical properties
remain intact. The electric field-dependent red-shift ofrilkel electron-heavy hole transition was
measured by a photocurrent method and found to be enhanced in structures with lower barrier
heights. ©1997 American Institute of Physids$0021-8977)02804-1

I. INTRODUCTION trap state¥"'°with deleterious effects on the electronic mo-
bility and high frequency operation. Very low defect densi-
The growth of alloy semiconductor thin films to create ties in the active layers of these devices are usually cata-
the desired energy band structure for a device applicatiostrophic for both performance and reliability.
often involves strained-layer epitaxy. In the case of IlI-V p-i-n photodiode devices appear not to be as seriously
semiconductor lasers, the benefits of strain-induced modifiaffected by the presence of moderate MDN densities in their
cations to the valence band structure of the material ar@ayer structures. This is mostly due to two factors. First, re-
widely recognized:* Device designs seek to maximize |axation and stress relief in strained systems can proceed
these benefits by introducing the largest possible straingrincipally via the formation of MDNs near the interfaces
without compromising the integrity of the crystal. However, bordering a strained lay@r:'®In this case, there can be few
it is difficult to avoid introducing at least some misfit dislo- dislocations threading through the core section of the strain
cations into the device layers. In large lattice mismatch hettayer or superlattice forming the main light absorbing region
eroepitaxy, misfit dislocation networkMDNs) are deliber-  of a photodiode and good optical absorption characteristics
ately introduced via buffer layers to relieve stress in theare preserved. Secondly, both the photonic and electrical
layers and control the relaxation procés3Dislocations re-  power densities in these devices are usually very low so that
sulting from relaxation are therefore present in manyjittie energy is available to perturb the defect states and drive
strained-layer devices and studying how they may affectyrther plastic relaxation of the crystal. Relaxed layers have
overall device performance is of prime importance. For expreviously been used to fabricate InAsP/InP multi-gquantum
ample, the dislocations in the active layers of semiconductoge|| (MQW) p-i-n optical modulators'*® based on the
lasers are efficient non-radiative recombination centers anguantum-confined Stark effé&t(QCSB, where the InAsP
play a role in both rapid and gradual degradationgrown on InP is compressively strained with a mismatch of
processes’"* In transistors and transport devices, disloca-yp to 3.23%. The structural and optical properties of INASP/
tions act as effective scattering potentials and introduce deepp multi-quantum well structured1QWSS have also been
studied using high resolution x-ray diffracti0HRXRD) and
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AuZn alloy contact ture for the samples is shown in Figure 1 and detailed in
‘ Table 1. mod03, mod04, mod05, mod06, and mod07 were
300 nm InP:Zn p-doped cap (~ 5 x1017) grown in a single series and the devices were fabricated in a
single batch. mod07 is a control sample identical to the other
samples in the series but with the MQWS replaced by a
single uninterrupted section of undoped InP. mod02 was pro-
duced in a different run using the same growth parameters

25X (10 nm InAs,P,, /10 nm InP)
undoped multi-quantum well structure

100 nm InP undoped buffer AuGe:Ni alioy contact but differs from the others in the thicknesses and number of

1nPS mdoped sabstte 2 10 its constituent layer&’ However, it has .been exteqswely
characterized by TEM, HRXRD and optical absorption and
z z many of its structural characteristics have been precisely

determined Thus, it serves as an important reference and is
FIG_. 1. Nominal layer and device structure fiori (multi-quantum-weli-n included in the current discussion.
optical modulators. Both symmetric(004) and asymmetric(115+/115-)

HRXRD rocking curves for the samples were acquired using
the relaxation in this system for moderate strains does indeedj CU<@1 x-ray source and a Philips four-crystal diffracto-
proceed via the generation of MDNs localized at the interM€ter with the monochromator aligned to (@20. TEM
faces bordering the INAsP/InP MQWS. Thus, the MQW op-S@mples with(110) surface normals were preE)ra_red by me-
tical modulator in the INASP/INP strained-layer system is gchanical polishing followed by low-angl@®) Ar™ ion mill-
good candidate with which to study some of the effects of"d at 5 keV. The ion energy was gradually reduced to 2.5
relaxation on device performance. In this paper, we preserf€V during the final stages of thinning to reduce damage.
structural and optical characterizations of a series of InAspJ N cross-sectional observations were made with a Philips
InP MQW layers and optical modulator devices which wereCM30 microscope operated at 300 kV. Optical absorption
fabricated with these layers. The As compositions and MQWEP€ctra fran 8 K up toroom temperature were measured for
layer thicknesses in the series were chosen to give sampld3€ as-grown epitaxial layers using a free-flow, He-
with increasing degrees of relaxation. The operation of thesgireulating cryostat with optical ports and a BOMEM DA3
devices appears not to be significantly affected by the pregfouner transform interferometric spectrometer with a quartz
ence of relaxation and we argue that the QCSE modulatdf@logen broad-spectrum source and Ge photodetector.
may be an example of a device where strain relaxation Following the material characterization steps, photo-

and dislocations do not seriously affect the high frequencyithographically defined circular device isolation mesas with
operation. diameters ranging from 10@m to 800.m were formed by

etching through the epitaxial layers down to the substrate in
a solution of HCI:CHCOOH:H,0,.%® Lift-off photolithog-
raphy was used to pattern 200 nm thick layers of thermally
The epitaxial layers for this study were prepared by low-evaporated Au-12% wt. Ge alloy metal onto thénP sub-
pressure metal-organic vapor phase epitéki>-MOVPE)  strate and Au-10% wt. Zn alloy metal onto thedoped cap.
using trimethyl-indium, tertiarybutyl arsine and phosphineThe samples were subjected to a single flash anneal cycle of
precursors, and doped with diethylzinc and silane. The epil2 s at 300 °C to improve the contact resistivity.
ayer growth onS-doped (~2x10* cm™3) InP (001) sub- In forward bias, turn-on voltages for the diodes ranged
strates was carried out using Pd-purifiegl & a carrier gas from 0.7 V to 1.0 V. Reverse-bias behavior varied from ava-
and with a substrate temperature of 600 °C, a reactor presanche breakdown starting near6 V up to Zener break-
sure of 40 Torr, and a total gas flow rate of 2880 séém/e  down in excess of-15 V. Room temperature measurements
estimate that the flow velocity at the substrate under thesef the electric field-induced Stark shift of the quantum well
conditions is 60 cm/s. The nominal layer and device strucoptical transitions were performed by detecting the photocur-

Il. EXPERIMENT

TABLE I. Sample listing and structural parameters obtained from high-resol(tibs+/115—-) and (004 XRD scans. Using mismatches measured with

respect to InP, the fully relaxed, free-standing lattice parameter of the InAsP quantum well sections was deduced from a knowledge of the lattice parameters
for the strain-distorted unit cell. This was subsequently used to compute the As composition of the wells, biaxial well strain and rejaxationyand

h/hc, are the ratios, respectively excluding and including teh cap layer, of the multi-layer structure thickness to the Matthews—Blakeslee critical limit for a
layer of the average composition.

Multi-layer structure Critical limit In-plane mismatch Biaxial strain in wells R

Sample Multi-quantum well structure Cap layerh/hc,  h/hc, [110] [110] [110] [110] [110] [110]
mod03 25¢(9.4 nm INA$ 04 0.05d9-4 nm InB 280 nm 4.1 4.0 <0.001% —0.14% <1%

mod05 25¢(9.8 nm InAS 10.00d9-8 Nm InP 290 nm 11 10 <0.001% -0.31 <1%

mod06 25¢(10.3 nm InAg 15¢%.84410.3 Nnm 310 nm 20 17 0.012%  0.003% —0.49% 5% 1%
mod04 25¢(9.8 nm InAS 560 73d9.8nm InP 290 nm 36 32 0.079% 0.034% —0.81% —-0.77% 20% 9%
mod02 50<(11.9 nm InAg 130 86411.9 NmM 1550 nm 39 24 0.050%  0.024% —0.41% —0.38% 23% 11%
1906 J. Appl. Phys., Vol. 81, No. 4, 15 February 1997 Yip et al.

Downloaded—-12-0ct-2007-t0-132.204.76.245.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



1017

1014

a "
imod05 (10.0%As,
1011 i { )

108

105

photon detection (counts per second)

P\ e
A VA
H : \mod02 (13.5%As)
I N LA
A o/ W

(b)

] , .
30.5 31.0 31.5 32.0 32.5
Q/26 (degrees)

FIG. 2. Symmetriq004) reflection high-resolution x-ray diffraction rocking
curves. The arrows indicate the approximate positions of separate peaks due
to tensilely-strained InP material in the samples where plastic relaxation has
been detectetsee Table)l

rent response of the diodes as a function of reverse-bias volt-
age using a tungsten lamp source, 0.1 m scanning monochro-
mator and lock-in amplifier. Temperature-dependent
photocurrent spectra from 295 K down to 11 K were also
measured for mod02, where the sample was attached to a
copper cold-finger mount and placed in a closed-cycle, He-
cooled cryostat with appropriate optical access ports.

Ill. RESULTS

A. Structural characterization

The HRXRD results are summarized in Table | and typi-
cal (004 rocking curves for the samples are displayed inFIG. 3. Transmission electron microscopy bright-field images of mo@)4:
Figure 2. The HRXRD data were analyzed with a combinay=(002, and(b) g=(220).
tion of computer simulations of the rocking curves using
dynamical diffraction theor and some formal calculations.

Details of the HRXRD analysis used can be found in Refswere determined from relative displacements of the zero or-
27-30. The three orthogonal componefi@01], [110], and  der MQWS peaks with respect to the InP substrate peak in
[110)) of the average MQWS mismatch with respect to InP,the HRXRD spectra. These mismatches gave [{f@1]
as defined by [110], and[110] lattice constants for the strain-distorted unit
cell; from which the lattice constant of the free-standing,
ﬁz BinAsP™ &inP (1)  fully relaxed unit cell e, for the MQWS was recovered
a Qnp assuming a tetragonal distortion due to biaxial strain in the
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FIG. 4. Absolute optical absorption spectra for the as-grown epitaxial layers listed in Table) [Tat8 K and b T=295 K. Then=1 electron-heavy hole
(e1-hhl and electron-light holéel1-lhJ) transitions are identified with arrows. The full width half maxitf®VHM) at T=8 K and half width half maxima
(HWHM) at T=295 K for the el-hhl transitions are summarized in the inset tables.

(001 plane. The average As composition of the MQWS wasmod02 (18 hc) show very clear evidence of plastic relax-
then obtained froma;e by linear interpolation(Vegard's  ation. The TEM micrographs for mod@ghown in Figure B
law) between the lattice constants of InAs and InP. Finally,and mod02(shown in Ref. 21 confirmed the presence of
from a knowledge of the lattice constants of the free-standingiIDNs at the MQWS/buffer and MQWS/cap interfaces. The
and distorted cubic cells, the biaxial strain in both wells andrelaxation is anisotropid¢see Table )l and has been pro-
barriers was determined. For samples with plastic relaxatiorgeeded first via the generation of misfit dislocation lines par-
the tensile strain in the barriers and cap layers is by definitiomllel to [110] followed eventually by the same process to
the in-plane mismatch. relieve stress alonfl10].3

The ratios of the total MQWS thicknesses to their corre-  The relaxation can also be observed qualitatively in the
sponding critical limit§“*?for the formation of misfit dislo-  evolution of the symmetrié004) rocking curves of Figure 2.
cations has also been calculated and listed in Table 1 byhe spectra for mod03 and mod05 show sharp, intense peaks
considering the MQWS as single epitaxial layer of its aver-with the presence of finite thickness fringes, indicative of
age composition grown on a thick substrate. The relaxationgood layer perfection. The loss of such thickness fringes
R, was computed using would be a good first indication of the presence of misfit

dislocations®® The diffraction peaks for mod06 have a form
(2)  similar to those of the coherently strained samples but the
thickness fringes have disappeared and a slight broadening is

wherea,, is one of the in-plane lattice constants. detectable indicating that significant numbers of defects are

We did not detect any relaxation in mod@B9hc) and  just beginning to be introduced into the crystal at this strain
mod05(5.2 hc) and consider them to be coherently strained.energy. Dislocations distort the diffracting Bragg planes and
However, the critical limits for the generation of misfit dis- cause broadening of the diffraction pedkg.he broadening
locations in equilibrium structures have been exceeded sthat increases in the mod04 and mod02 peaks is due to their
that these are metastable structures and a very low density bigher MDN densities. A small shoulder to the right of the
misfit dislocations is possibly present in the two samplessubstrate peak, indicated by the arrows, is perceptible in the
mod06(9.3 hc) is slightly-relaxed and likely has a low den- spectra of mod06, mod04 and mod02. This corresponds to
sity MDN at the MQWS/buffer interface. mod@47 hc) and  the signal from the InP material in the barriers and cap layer

8/~ 8np
R: ————————
Afree™ Qnp
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that is in tensile strain as a result of the plastic relaxation.

These peaks shift to the right with increasing tensile strain as 2001 v 295 Kooherently-strained |
the in-plane mismatch increases. Note that the first order - 4 8K°°he'§"f'v]stfaid“°d

satellite peak of the MQWS in the mod04 spectrum is pre- - 250 | : 5923,2:?2.::? i
dicted to be nearly coincident with the substrate sigttas E mofod
geometric mean of the zeroeth order and second order 3 200} |
peaks. This indicates that the feature to the right of the 5

substrate is largely due to the tensile-strained barriers and T 150} modoa 0 ]
cap layer. In mod02, the shoulder remains closer to the sub- a modos | l

strate signal than in mod04 because the relaxation of the cap § 100 1
layer away from the MQWS is greater. The resolution in § modo3

Figure 2 does not allow a precise determination but HRXRD 2 50 | 1
scans using the diffractometer in its triple-axis mode with an 8

additional 2-crystal analyzer at the detector confirmed the

presence of separate substrate and tensilely strained InP
peaks. The triple-axis measurements and TEM micrographs
also showed that the MQWS/cap relaxation is more severe Pie. s. Dependence of the absolute conduction band discontiniiy,

mod02 than in mod04. (meV), on the As compositiorx, of the InAsP;_, quantum wells. The data

p
points corresponding to samples in the current study are identified with
arrows. The other points correspond to samples in Refs. 20 and 21. The

. . linear least squares fit of the all the data points gives a slope of 7.56
The optical absorption spectrd 8 K and 295 K are +0.08 meV/ASYh.

displayed in Figure 4. These spectra are well-complemented
by photoluminescence measurements that have also been

performed on these samples and wil be presented ysing the summary of absorption linewidthsee inset
elsewheré”’ Here, we focus the discussion exclusively ontaples in Figure ¥as a guide to study the absorption spectra,
the behavior of then=1 electron-heavy hol¢el-hhl and e attribute the linewidth broadening trends to three main
electron-light hole(e1-lh]) band-edge transitions. The exci- factors: temperature, alloy disordering, and relaxation. Tem-
tonic features associated with these optical transitions argerature broadening effects add from 3.6 to 4.7 meV to the
identified with arrows and the absorption curves are dishalf widths and can be explained by LO phonon scattering of
played in the dimensionless units of the absorption coeffithe excitons®*” We attribute the broadening trend in the
cient, @, times the interaction lengtid. For reference, the |ow temperature spectra for the samples without relaxation,
absorption coefficient due to the el-hh1 transition in samplenod07(0% As), mod03(4.4% AS, and mod0510.0% A3
mod04, after normalizing to the total width of quantum well to alloy disordering. This is an important effect as the lin-
material, is~24000 cm* at 8 K and~11000 cmi* at 295  ewidths increase rapidly with the As fraction. Unfortunately,
K. Higher order transitions, such as those associated with thie is difficult to discern clearly a broadening trend due to
n=2 levels, are visible in most of the spectra and excitongelaxation from that of alloy disorder in the subsequent
associated with the InP band edge X.424 eV} are also samples mod0615.6% A3, mod04(26.4% A3, and mod02
well-resolved at 8 K. Notice that these latter excitons arg13.5% A9 because both increase with the As fraction.
slightly red-shifted in the mod0615.6% As and mod04 A precise determination of the barrier heights and quan-
(26.4% A9 spectra due to the relaxation-induced tensiletum well transition energy levels was made using the
strain in the InP barrier and cap sections. There is significantarzin—Bastard envelope function motfel® and the struc-
relaxation in mod02 as well but the red-shifting is less evi-tural and optical absorption data. Details of the calculation
dent because mod02 contains a much thicker InP buffer thahethod and procedure can be found in Refs. 20-22. First,
is coherent with the substrate, and a thick cap that has rehe structural parameters of the preceding section were used
laxed away from the MQWS. mod023.5% A9 also con- as inputs in the model considering the average value of the
tains ~2.4 times more quantum well material than the othelf110] and[110] relaxation. From this, the model predicted
samples. Hence, the sharper appearance of the mod02 ahe optical transitions for the samples for a given specifica-
sorption features relative to the other samples at 295 K ision of the heterostructure conduction band offséE..
mostly a scaling effect. Next, the excitonic binding energies and red-shift due to the
In mod03(4.4% As, the n=1 electronic level is only built-in field had to be accounted for independently. Accord-
~18 meV below the barrier level, and therefore less than théngly, nominal windows of &3 meV and & 3 meV (the
thermal energy at 295 K. Despite this, we had expected areduced mass of the el-hh1 system-ik.5 times that of the
excitonic feature to be clearly resolvable at 295 K becausel-lh1 systemwere assigned for the binding energies of the
room-temperature excitonic features have been observed hh and |h excitons, respectively. The red-shift of the el-hhl
shallow GaAs/AlGaAs MQWS®. The lack of a clear exci- and el-lhl transitions for mod03, mod05, mod06, and
tonic feature at room-temperature for mod03 is due to thenod04 due to the built-in field of 17 kV/cm was estimated
strain splitting of the hh1 and Ih1 valence band levels. As @o be ~1 meV (see next sectign The red-shift in mod02
result, the mod03 absorption spectrum at 295 K comprisewas negligible because its undoped section-i8.2 times
two broad excitonic features separated by orl9 meV. thicker than that of the other samples, giving a built-in field

0 1 L
0 5 10 15 20 25 30 35 40
As composition (%)

B. Optical absorption
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An internal consistency check for the general accuracy
of this analysis was performed. In Figure 6, the difference
between the el-lhl and el-hh1l optical transition energies, as
measured by optical absorption, is plotted against the com-
pressive biaxial strain in the InAsP quantum wells deter-
mined from the structural characterization by HRXRD. The
inset in Figure 6 illustrates the strain-induced modifications
to the well and barrier band gaps described by the strain
Hamiltonian of Pikus and Bit? Biaxial strain in the InAsP

20 ®m T=8K quantum wells introduces two general modifications to the
10 o T=295K band gap. First, the entire valence band structure is displaced
relative to the conduction band by the hydrostatic deforma-

o 8.4+1.2meV . tion of the crystal. Then, the hh and |h bands are split by the
0.0 0.2 0.4 0.6 0.8 shear deformation of the crystal. The case illustrated in the

compressive biaxial well strain (%)

diagram is for coherent, compressive strain in the InAsP
quantum wells. Any relaxation of the MQWS away from the

FIG. 6. Dependence of the=1 electron-heavy holée1-hh1 and electron- ~ SUbstrate would introduce similar modifications to the InP
light hole (e1-lh)) transition energy difference, as measured by optical ab-barrier due to tensile strain. The influence of the strain an-
sorption(Figure 3, on the compressiv_e biaxial strain i_n the InAsP quantum isotropy in the relaxed samples is neg"gﬂfﬂél and the av-
wells, as measured by x-ray diffractigifable ). The inset diagranitop - .
left) illustrates the modification of the quantum well band gap due to com-€rage of th¢ 110] and[110] strains has been used. For small
pressive strain. strains, the hhl-lhl energy splitting induced by the shear
term should have a nearly linear dependence on the biaxial
well strain*2 Therefore, we expect the hh1-Ih1 energy differ-
of only ~5 kV/cm. Finally, an optimal fit to the measured €Nce to co.nsist of a linear term due to the bia>.<ial_ strain and
optical transitions was obtained by sweepif.. an approximately constant term due to thg binding energy
In Figure 5, the results fofEc corresponding to the best d!fference b.etweer? heavy anq light hole excitons. Thg plot of
fits are plotted against the As fraction in the InAsP quantunt ig9ure 6 affirms this and the linear least squares estimate for
wells. All the points from Refs. 20 and 21 have been plottedN€ intercept of 3.41.2 meV is in agreement with our pre-
along with those obtained in the current study. The plot ofVioUS assumptions about the exciton binding energies.
Figure 5 represents 20 band offset fits performel K and
at room temperature on 11 InAsP/InP MQWSs. The 11 .
MQWSs spanpa range of As fractions from 4.4% to 38.9% ofC - Quantum-confined Stark effect (QCSE)
which 7 structures are coherently-strained and 4 structures The photocurrent responses of mod050.0% AS,
have varying degrees of plastic relaxation. We observe thanod06(15.6% A9, mod04(26.4% A9 at room temperature
SOEc has a simple linear dependence on the As fractioh6  and of mod0213.5% A9 at 11 K as a function of reverse-
+0.08 meV/As%. In terms of the relative band offset, bias voltage are displayed in Figure 7. mod03 has not been
SE represents 75.8%2.7% of the total strained band gap included because thermal broadening makes it impossible to
difference, 6Ey. This linear dependence is consistent withaccurately determine the position of the el-hhl transition at
the predictions of the quantum dipole model of Ter$8ff®  room temperature. Using the photocurrent spectra and the
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FIG. 7. Spectral photocurrent responsepef(multi-quantum-wel-n diodes as a function of reverse-bias voltagd& a95 K for (a) mod05(10.0% A3, (b)
mod06(15.6% A9, (c) mod04(26.4% A9 and atT=11 K for (d) mod02(13.5% A3. The nominal intrinsic layer thickness is Qu8n in (a), (b), (c), and 1.9

pum in (d).
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tron and hole wave functions penetrate significantly into the
finite barriers and the approximation based on an infinite
well loses validity. Under such conditions, the quasi-
triangular barrier at the edge of the finite well is poorly ap-
proximated by the effective infinite well. Ultimately, all
three devices give nearly the same change in absorption co-
efficient but this is achieved at significantly lower fields in
the devices with shallower wells.

The behavior of mod02 is more difficult to analyze. In
Figure 1d), we display the photocurrent spectra acquired at
11 K because of its improved resolution. The usual field-
induced broadening of the e1l-hh1 and el-lh1 excitonic levels
is clearly apparent bwtithoutany appreciable red-shift. This
is similar to simple field ionization of excitons by an electric

field in the direction parallel to the quantum wells. However,
FIG. 8. The field-dependent energy red-shift of the quantum well levels fothe exciton peak remains well-resolved at an electric field of
mod05(10.0% A9, mod06(15.6% A3, and mod0426.4% A9 determined ~42 kV/icm (~8 V), a value well beyond the unconfined
from the photocurrent curveFigure 7. The shift as approximated by the jonjzation field. The exciton broadens as if it were quantum-
effective well width method using the parameters in Table Il is included for . . . .. .
comparison. confined. It is unlikely that this is due simply to the presence

of dislocations because the relaxation characteristics of

mod02 are quite similar to those of mod04. However, unlike
optical absorption spectra, we estimated the electric fieldmod04, mod02 contains much thicker buffer and spacer lay-
induced red-shift of the el-hhl optical transition and theers. The MQWS in mod02 is separated from the heavily
change in the optical absorption coefficieAly. The analy- doped contact layers on both sides B60 nm spacer lay-
ses in the preceding sections provided an accurate know®rs of undoped InP. These spacer layers containing MDNs
edge of the quantum well widths, barrier heights, and energgould affect the process of photo-carrier collection and partly
levels for both conduction and valence bands. This allowed &xplain the behavior. mod02 is currently under continued
calculation of the expected QCSE energy shift based on th&vestigation.
“effective well width” method'® (see Appendix The mea-
sured and calculated energy shifts for mod295.0% Ag,
mod06 (15.6% A9 and mod04(26.4% Ag are plotted in
Figure 8 and the key parameters and results for the el-hhl In every sample, the widths of the individual InAsP
transitions in these samples are summarized in Table Il. Thguantum wells are below the Matthews—Blakeslee critical
field dependence of the exciton binding energy is a compardimit while the thickness of the MQWS exceeds it. The re-
tively small effect and has been neglected in the approximalaxation is therefore characterized by the generation of
tion. MDNSs at the outer interfaces of the MQWS. This causes a

Aa does not vary significantly among mod@50.0%  broadening of the optical absorption transitions. The disloca-

As), mod06(15.6% A9, and mod0426.4% A9 despite the tions perturb the crystalline energy band structure presum-
differences in well depths, and degree of relaxation. The enably in a manner similar to the way they distort the diffract-
ergy shifts in the relaxed samples are not detectably affecteithg Bragg planes and broaden peaks in the HRXRD rocking
by the dislocations. The devices with shallower wells havecurves. However, the number of defects in the core of the
less relaxation, less alloy disorder, and hence sharper zerMQWSs are sufficiently low that no dislocations threading
field excitons but also field ionize more easily. There is goodhrough the MQWS in cross-section TEM measurements
agreement between measured curves and the effective wélhve been observed for either of the two extreme cases,
width approximation in the low to moderate field range. At mod04 (17 hc) and mod02(18 hc). Thus as expected, the
higher fields, and especially for lower barrier heights, elec-absorption and photocurrent spectra show that the good op-

IV. DISCUSSION

TABLE Il. Parameters used in the effective well width calculation. The barrier heights and E1 energies were obtained from the Marzin—Bastard envelope
function calculation of the quantum well energies. E1 is the energy of the first quantized level with respect to the bottom of the well. The effective masses in
the direction of the electric field are not significantly affected by strain so the values listed are linear interpolations between InAs and InP. The effective well
widths are “equivalent” infinite well widths chosen such that the zero-field E1 energies matelis the measured field-induced absorption coefficient
change in each structure and the voltage at which it is attained.

Quantum well region Barrier heights E1 levels Effective masses Effective well widths
Sample Well width As content el hh1 el hh1 el hh1 el hh1 Aa

(nm) (%) (meV) (meV) (meV) (meV) (my) (mo) (nm) (nm) (cm™) =200
mod05 9.8 10.0 73 25 20 3.5 0.0734 0.626 16.0 13.0 2800@ V
mod06 10.3 15.6 113 39 24 3.7 0.0703 0.613 15.1 12.9 31008V
mod04 9.8 26.4 204 52 32 43 0.0642 0.587 13.5 12.2 32000V
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/Etical absorption properties of the light-absorbing intrinsiccases is to bury the MDNs in the heavily doped contact lay-
sections has been preserved. This the first criterion that musts.
be satisfied for the use of relaxed layers in photodiode de- Finally, we observe that the energy shift per unit electric
vices. field is clearly greater in the samples with shallower wells in
The second criterion to be satisfied is the preservation ofigreement with similar results in the GaAs/AIG4Asys-
the essential electrical characteristics of the diodes in reverdem. This is a result of the influence of the finite barrier
bias. In-plane charge transport is seriously compromised bleight on the energy of the first quantized level with respect
MDNs but the geometry of photodiodes is more forgiving.to the bottom of the well, E1. As an alternative to the usual
For example, it has been shown that MDNs in the InGaAsn*F?L* dependenc#! the shift can be shown to be depen-
base region of AlGaAs/InGaAs/GaAs heterojunction bipolardent on FLZE1 (see Appendix where nft is the effective
transistors generally do not influence the dc electricamass, F is the electric field, and L is the quantum well width.
behaviort* The operation of a QCSE optical modulator de- Thus for two MQW systems having the same el-hh1 transi-
pends on the generation of rapid changes in the electric fieltion energy, the one with wider and/or shallower wells will
across the MQWS junction; which in turn, is determined byhave a smaller E1 and demonstrate a larger shift for the same
charge transport to the heavily doped contact layers and c&lectric field. The use of shallower wells may not improve
pacitance effects across the junction. Because this does nite maximum absorption coefficient change because of in-
rely on the transport of charge across the junction andreased field broadenifitf’® of the excitonic feature, but an
through the MDNSs, the generation and high frequency moduoptical modulator using shallower wells may achieve useful
lation of electric fields in the MQWS junction will not be on/off contrast ratios at lower fields. This is an important
greatly influenced by MDNs. The exception is at high fieldsconsideration for high-speed applications with severe drive
near avalanche breakdown where the small number of dislotoltage limitations'’
cations that thread through the MQWS junction could facili- ~ The barrier height effect indicates that a clear advantage
tate charge leakage and the breakdown process. HowevéXists for structures with large conduction band offsets.

QCSE modulators are typically operated well below break-There is considerable evidence that field-induced broadening
down fields. of the excitonic transitions is determined by the electronic

A more important concern is the effect of MDNs on the confinement. Compared to the valence band, the conduction
electric field uniformity. Non-uniformities could create sig- Pand wave functions are less well-confined and field-assisted
nificant field components parallel to the quantum wells ancelectronic tunneling probabilities can be significant at rela-
cause premature field broadening. In all the relaxed sampldively low fields**“®“® For two heterostructures differing
except mod02, the MDNs have formed very close to thednly in their band offsets, the shift will be enhanced in the
heavily doped contact layers. The electrical response on th@he Wwith the smaller valence band discontinuity since the
part of dislocation loops that extend into the contact layers ig@lénce band term dominates. At the same time, the en-
overwhelmingly screened by the large quantities of mobildranced electr'onlc confmement'ln this .struc.:tur'e WI|| also im-
charge. Hence, only the parts of the MDNs present in th@fove the reS|stan_ce of the exciton to field ionization. In par-
undoped regions may appreciably affect the electric ﬁe|dj[|cul_ar, it may be interesting to compare the performance of
Placing the contact layers near the MQWS limits the extenlr@in-relaxed InAsP/InGaAsP/InP, or even INAsP/InAsP/
of these potentially troublesome sections by making therd’P?» ~ MQW ~ modulators  with  lattice-matched
very thin. As a result, the QCSE measurements in modOé,”GaASP””GaAS,P””ﬂ and InGaAs/InGaAsP/Irﬁg MQW
mod06 and mod04 have demonstrated that the MDNs genepjodulators for high-speed, low drive voltage applications at

ally do not affect the electric field uniformity across the lay- -3 #m and 1.55um. We expect that broadening due to
ers at the typical operating voltages. MDNs at the outer interfaces of the separate confinement

We also need to consider that MDNs may affect theheterostructures in properly designed strained-layer InAsP
transport of photo-charge away from the junction. Optica/Structures can be largely compensated by: a “faster” shift
absorption in QCSE modulators may saturate when th&nd greater resistance to optical  saturation by hole
photo-charge cannot be efficiently cleared from the quanturF?'le'Ljp4 ~>"due to the smaller valence band offset, superior
wells in the core of the MQWS but the junction can typi- electronic confinement due to the larger conduction band off-

cally never be overwhelmed by photocharge densities Iargéet' reduced alloy disorder broadening and simplified growth

enough to saturate the electric field. In these devices, th(éond't'ons'
gross removal of such photo-charge from the junction is es-
sentially a dc process and hence largely unaffected by' CONCLUSIONS
MDNSs. It is important to remember, however, that while the  Strained-layer InAsP/InP gMQW)-n optical modula-

dc characteristics of charge transport can be generally unafers have been fabricated by MOVPE using layers with vary-
fected by moderate MDN densities, the high frequency charing degrees of strain and relaxation. The samples have been
acteristics are seriously compromised. This is a critical coneharacterized and analyzed using complementary HRXRD,
sideration if the photodiode is to serve as a high speedEM and optical absorption methods. We demonstrate in
detector. In such a case, the effect of MDNs on the carrieagreement with Refs. 20 and 21 that, following a determina-
mobility limits the frequency response of the diode. Noisetion of the multi-layer structural parameters, the el-hhl and
and dark current characteristics are also compronfisd. el-lh1 optical transition energies for such strained-layer su-
good strategy for minimizing any undesirable effects in allperlattices may be accurately reproduced using the Marzin—
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FIG. 9. The effective well width approximation. FIG. 10. The effect of variations in the finite barrier height on the QCSE

calculated using the effective well width approximation for a typical InAsP/
InP quantum well in the presence of a 50 kV/cm electric field.

Bastard model. Further evidence has been presented to sup-
port the hypothesis that the conduction band discontinuitx/

for the InAsP/InP heterostructure follows a simple linear d?'variety of increasingly sophisticated methd@

Fheem:/leQn\(;\(/esznV\}:ree %Suﬁgr?opce)?ﬁgzéel‘?:é eg?:aggerreg_eslﬁmsa:] he central issue in all formulations is that there do not exist
ny true bound states of the system for non-zero electric

reduce the drive field. This latter result showed that QCS ieids. Instead, we seek approximations to quasi-bound states

optical modulator performance can be improved by USINGat are long-lived. The usual strategy is to modify the band

heterostructures with large conduction band offsets. MlsfltStructure in the periphery of the quantum well to render the

idnltsel?l‘; ?;angfggz;ks tLeeSl"\'/lltm\?ngOIErggS;'nc (;elti:xaaltt;)glsg: tt?sﬁroblem suitable for computation. Some recent approaches
9 Q P PO ave given precise solutions for a wide variety of superlattice

linewidths and degrade modulator performance but the deétructures and electric field conditioff64854 However,

vices can continue to function quite acceptably. If sucht
partially-relaxed structures can be stable, the use and Comr?undamental physics. The original approach of Bastard
of misfit relaxation will in some instances allow a greateret al,* later extended by Milleet al,X® continues to be a

Igtltude in thg design and fabrication of strained-layer matei/ery useful guide for designing optoelectronic devices be-
rials and devices.

cause it provides an excellent insight into the physical situ-
ation. In this treatment of the problem, the response of the
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t?ese methods are complex and can obscure some of the

chercheurs et l'aide k& recherchd FCAR) du Quéec. n=1 energy levelAE,, in the low-field limit as:

m* e2|:2|_4ff

= e
APPENDIX: EFFECT OF FINITE BARRIER HEIGHT ON AE; = _Cvar—hz_
THE QUANTUM-CONFINED STARK EFFECT
2 m* 222 4
An electric field applied perpendicular to a quantum well =_ 1(1 — 32) %2"6”; (A1)

causes the discrete levels of the well to red-shift. However, 8\3 7 h

the excitonic transitions associated with these levels can coyherem* is the effective mass is the electronic charge,
tinue to be well-defined for fields that are many times ther s the electric field, and..(; is the width of the effective
usual bulk ionization field because the conduction and vainfinite quantum well. This gives the well-known
lence band wave functions remain highly localized due to the- m* F22,, dependence of the red-shift. Equati@) may
quantum confinement. Thus according to Milletal,®  pe rewritten as:

large field-dependent changes in the band edge optical ab- o 5 .2C 3 2

sorption are possible because the main excitonic transition at = _ _(} 3 3) 7 e F e

the band edge red-shifts appreciably before field broadening = g\3 #?] 2 E;

becomes severe.
772 ezeLiff

The problem of electric field-dependent energy levels in = —Cyu—= (A2)
a superlattice was first treated by Bastatdal** using a 2 K
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with
h2m?
ST (A3)

Hence, the red-shift varies as F?L2,/E; . In this paper, the
solution to the zero-field finite well problem f&; has been
given by an envelope function calculation using the Marzin
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