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HOT CARRIER THERMOMETRY IN HETEROSTRUCTURES
CARRIER HEATING IN SEMICONDUCTOR LASERS

STATEMENT OF THE PROBLEM

Heating of the carriers in the active region is an important issue for both interband
and intersubband semiconductor lasers. In this work we consider both theoretically
(intersubband lasers) and experimentally (bipolar double heterostructure laser) the
physical phenomena responsible for the carriér heating effect.

In the first part of this project we carry out theoretical investigation of unipolar
quantum cascade lasers. Electron relaxation by polar excitations (LO-phonons and
plasmons) is a key process which determines the high-temperature operation of these
novel devices. The polar excitation spectrum in the many-interface laser heterostructures
was calculated in the framework of the dielectric continuum model. Intra- and
intersubband nonradiative scattering processes responsible for the excessive injection
current level in these devices were considered. Both LO-phonon and plasmon assisted
electron relaxation is considered taking into account the effect of polar-mode
confinement in the thin-layer laser heterostructures.

In the second part of the present work we demonstrate (experimentally and as a
result of simuiation) that suppression of the thermionic emission of electrons from the
active region of bipolar double heterostructure lasers leads to improvement of the device
performance. We study both experimentally and theoretically how the change of the p-
doping profile, particularly the p-i junction placement, affects the output characteristics
of 1.3 pm InGaAsP/InP MQW lasers. Simulated device characteristics include carrier
transport, the capture of carriers into the quantum wells, the quantum mechanical
calculation of the properties of the wells, and the solution for the optical mode and its
population self-consistently as function of diode bias.

We study the telecommunication interband .1 S3pm InGaAsP/InP MQW lasers.
The choice was based on the extreme maturity of technology of InGaAsP/InP laser




 heterostructures. All devices studied in this work were grown and fabricated at Lucent

Bell Laboratories.

I ELECTRON RELAXATION IN INTERSUBBAND SEMICONDUCTOR LASERS
Introduction |
Intersubband semiconductor lasers (ISLs) are of great interest for mid-infrared
device applications. As compared to interband midinfrared (led salt) lasers, the unipolar
_intersubband lasers have the advantage of a higher temperature operation. Since its first
implementation .in 1994 (Faist 1994), the quantum cascade laser (QCL), has been
demonstrated to operate at room temperature within the wavelength range 5-8 um
(Capasso 1999). Optically pumped “three-level-type” intersubband lasers have been also
proposed and investigated (Sun 1993; Gauthier-Lafaye, 1997). In both schemes, electrons
are injected or optically pumped to a high-energy level of the heterostructure and the
light-emitting transition takes place between this and the next lower subband. The energy
separation between these levels, and thus the emitted light wavelength, can be controlled
by varying the widths of the wells and barriers. Besides the enérgy levels, the designer
can control transition matrix elements (Capasso 1997), electron-phonon scattering rates
(Stroscio 1996), and electron lifetimes in active subbands (Capasso 1996).

Spectral dependence of the material gain is the main characteristic of an ISL
heterostructure and is determined primarily by the electron energy spectrum and electron
distribution function in the active region. Electron distribution in ISL is substantially non-
equilibrium since there is an inherent source of electron (and phonon) heating: the energy
released during the intersubband and intrasubband nonradiative electron relaxation
processes. Due to larger intersubband separation the heating effects are more pronounced
in the ISL heterostructures designed for short-wavelength operation (4-5 pm). The
heating effects influence the gain spectra of the ISL in a nontrivial way. The result
depends crucially on the balance between the two major interactions in the system, which
are electron-LO-phonon and electron-electron (plasmon) interactions.

If the threshold current and, consequently, the electron concentration is
sufficiently low (n ~10'® ¢cm™) the main relaxation process in the ISL active region is

electron-LO-phonon interaction. The distribution functions in lasing subbands are



"nonequilibrium and nonthermal (Gorfinkel 1996). The maximum optical gain is achieved
at short wavelength edge of the spectral line, which corresponds, to the lasing transition
between subband bottoms. After the nonradiative intersubband transition the electrons
cascade down the lower lasing subband and can escape the active quanium well by the
interwell tunneling. Both processes are assisted by LO-phonon emission. As a result, the
gain specﬁ'um becomes sensitive to the details of the electron — phonon interaction and
lasing action depends significantly on the modified LO-phonon spectrum of the many-
interface ISL heterostructure (Kisin 1997).

In the opposite limit of high electron concentration (n >10'! cm™) the electron-
electron interaction becomes efficient channel for the relaxation processes in active
region of ISL. Since polar excitations provide the most effective mechanism for this
relaxation, the electron thermalization in this limit is affected both by LO-phonons and
plasmons. Like LO-phonon spectrum, plasmon spectrum is significantly influenced by
confinement effect in many-interface heterostructures. Longitudinal 2D-plasmons with
square-root dispersion participate in intrasubband relaxation whereas intersubband
collective excitations (intersubband plasmons) with energy of the order of intersubband
energy separation can influence the intersubband relaxation.

In this chapter we aim to study the most important features of the electron

relaxation, which govern the subband population dynamics in the active region of the

intersubband semiconductor lasers.

1. Effect of the LO-phonon confinement on electron relaxation in many-interface laser

heterostructures

Polar interaction with long-wavelength longitudinally polarized 6ptical LO)
phonons is a topic of continuing interest, since electron inter- and intrasubband relaxation
in quantum well heterostructures are governed primarily by this scattering mechanism.
During the last decade, the importance of optical phonon confinement and localization
effects has been discussed widely in literature. Both macroscopic (Mori 1989) and
microscopic (Rucker 1992) approaches of electron-optical-phonon interactions have been

used to show that in polar semiconductor heterostructures, the interaction of confined



“electrons with polar optical phonons is modified strongly compared to the three-
dimensional case. The LO phonon scattering was shown to be important in narrow
quantum well heterostructures designed for injection or opﬁcally pumped laser
applications (Sun 1993; Stroscio 1996; Kisin 1997). Photoexcited carrier relaxation
processes in coupled quantum wells (Educato 1993) and phonon-assisted tunneling in
double-barrier heterostructures (Turley 1994) were described successfully taking into
account the existence of interface optical-phonon modes.

All of the above treatments applied to highly symmetric structures such as
quantum wells, double-well or double-barrier heterostructures. Recently, another kind of
heterostructures has appeared in which an accurate description of the electron-LO-
phonon interaction is of prime importance. The active region of the unipolar quantum
cascade laser (Faist 1994) incorporates a combination of a quantum well with an adjacent
narrow barrier layer providing the electron tunneling escape from the active quantum
well after-a light-emitting transition; see Fig. 1.1.1. For this three-interface configuration,
the interface phonon potential distributions should differ substantially from the well-
known solutions for symmetric heterostructures with an even number of interfaces (Mori,
1989; Stroscio, 1996; Kim, 1992). In the latter case, the phonon potential distributions
usually are characterized by definite parity providing well-known parity selection rules
for electron inter- and intrasubband transitions (Jain, 1989). In a three-interface
heterostructure with a sufficiently narrow barrier layer, the parity based selection rules do
not hold for intrawell electron transitions. This circumstance combined with the growing

complexity of the spectrum of interface optical phonon modes in multiple heterointerface

structures (Yu, 1997) gives rise to substantial difficulties in theoretical analysis of‘

electron relaxation processes. In this work, we show that the total rate of intrawell
electron relaxation by interface phonons in three-interface heterostructures is practically
independent of the barrier width; this permit us to use the phonon spectrum of a single
quantum well for the description of more complex cascade heterostructures.
Simultaneously, we show that any attempt to exploit the simpler bulk-like phonon
spectrum fails if the electron kinetic energy is of the order of the typical phonon energy in

the heterostructure. The macroscopic dielectric continuum model (Mori, 1989) is used in



this chapter for the description of the polar-optical-phonon modes; this has been shown to
agree well with microscopic calculations (Huang,' 1988; Rucker, 1992).

We consider the simplest three-interface combination of a quantum well with an
adjacent narrow barrier layer as in Fig. I.1.1. Index i = 0+3 numerates here the layers of
the heterostructure. In cascade laser heterostructures, layers 0 and 3 represent the same
layer, which can be designed as a gradual alloy or a superlattice. Under an applied
electric field, this layer provides flat-band condition fpr electron transport from one
cascade to the next. The length of this region is usually longer then the active quantum
well width, a, and its exact structure does not influence the intrawell electron relaxation
processes considered in this article. Therefore, we represent the layers 0 and 3 as half-
spaces of wide-gap and narrow-gap semiconductors, respectively.

In dielectric continuum model, the optical phonon spectrum of a heterostructure
includes interface phonon modes and confined LO-phonon modes which are
approximated as being completely confined to the corresponding layer (well or barrier)
and not affected by or coupled to the adjacent layer. The frequency of each interface
mode is split according to different frequency ranges of optical phonons in the constituent
materials. This splitting is influenced also by the type of materials used in the
heterostructure, which usually are binary materials or ternary alloys. For the sake of
simplicity, we consider here a binary material heterostructure assuming GaAs as the well
material and AlAs as the barrier, wide-gap semiconductor. In the case of binary materials,

the dielectric functions in the barrier (b) and the well (w) heterostructure layers are

2 2
O —Op,y
sb,w(a))=sb,ww-7——2— . (111)
- wtb,w

Following the transfer matrix method (Yu, 1997), we can obtain the dispersion equation

for a three-interface heterostructure in the form:
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Here, g is the in-plane phonon wave vector. Relations (2,3)' give us two dispersionless
solutions with constant frequencies equal to the frequencies of the two single-interface
phonon modes of the GaAs/AlAs heterointerface. As we show below, these modes tend
to localize in the vicinity of the outer heterointerfaces (#1 or #3) and m;y be considered
to be outer interface modes. Relations (2,4) in the limit b>>a, lead to the dispersion
equation of a simple double heterostructure (quantum well) (Mori, 1989). Consequently,
we obtain two different types of inner modes, which can be classified as symmetric (S) or
antisymmetric (A) according to their behavior in this limit. In expression (4), the sign (+)
relates to the symmetric and the sign (-) relates to the antisymmetric inner interface
mode. By analogy with the outer mode, each inner mode is split in frequency according
to the two optical phonon frequency ranges in constitutive materials. For binary
materials, these dispersion relations can be easily obtained analytically by substituting
dielectric function (1) into the dispersion equation (2):

2 2 2 2 %
Ol =2 :t(Q,z,, - 200 * z"'“”wa"”) ; (f)-» ﬁ ; @LS)
’ 1+ x,,

2, 2 2, 2
02 =%+ O, + Xm (@hyy + @)
m

8wao
s Xm=— 6m > 0 .
20+ x,,) Ebo

Here, the sign (+) corresponds to index b - that is to the phonon frequency range of

barrier material - and the sign () should be chosen for phonon frequency range of well
material (index w). For ternary alloys, this classification scheme remains the same
except for additional mode splitting. The calculated dispersion curves for interface
phonon modes in a binary GaAs/AlAs heterostructure are presented in Fig. I.1.2a.

For a three-interface heterostructure, the interface phonon potential distribution
takes simple analytical form:

1 1.
h 2 &, (w) e (co)) 2
=4 VAl W s .1.6
Omq(2) m(goq) ( P Em rn Jn(2) (.1.6)
3
f(2)=2[Cye™ ™D 4+ Cpe®im)y, ..
i=0

The coefficients in (6) are given by,
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for inﬁer phonon mod;s. As in the case of one- and two-interface heterostructures, these
distributions do not depend on the type of constitutive materials. For ternary alloys, we
simply have to use the two-pole approximation for the corresponding dielectric function
(1). As a result, the introduction of a ternary alloy as a barrier or well material does not
alter the functional form of the interface modes but modifies the coefficient for the mode
strength according to the change in the dielectric function. The exemplary phonon
potential distributions are presented in Fig. I.1.3. A
Fig. I.1.3a shows the characteristic behavior of the inner and outer optical-phonon
modes in a three-interface heterostructure. In the limit b >> a, the outer mode tends to
localize on the right outer interface (#3), whereas the inner modes relate to the well-
known symmetric and antisymmetric interface modes in a double heterostructure. If the
barrier width, b, becomes comparable with well width, a, the inner modes are
substantially perturbed but their basic symmetry features still remain; see Fig. 1.1.3b. The
outer mode now represents the symmetrized linear combination of the single interface
modes of the left and right outer interfaces (#1 and #3). If a= b, this combination is
exactly symmetric. Further decrease of the barrier width b gives rise to a potential

redistribution of the outer interface modes from interface #3 toward the interface #1. At




the same time, the inner phonon modes switch to the barrier layef, simultaneously
changing their symmetry; see Fig. 1.1.3c.

To characterize the individual phonon mode strengths, we can introduce the

coupling coefficients, f,,, for the electron-phonon interactions, normalizing the phonon

envelopes, ¢,,(z), in (6) according to the condition J'(Zz(z)dz =1. The interaction
Hamiltonian is represented in the form,
- ey, at
Ho1_ph =’§Iﬂm(q)¢m,q(z)75(am,q +a,,,,_q). 1.1.9)

Here, S is the cross-sectional area of the heterostructure. For nonnormalized potentials
(6), we would use the elementary electron charge, e, instead of coupling constants, [3,,.

The g -dependence of f,, in the three-interface system is similar to that obtained in the
work by Turley for the case of a symmetric double-barrier heterostructure (Turley, 1994).
The coupling constants of the outer interface modes (Ob, Ow) diverge as 1/g for small

phonon wave vectors, g. The coupling constants for the LO-like inner phonon modes

(IAW; ISb) diverge as 1/ \/;]_ , Whereas for two TO-like inner modes (IAb, ISw) they tend

to go to zero at small values of g. At larger g, all the coupling coefficients converge to
the values of the corresponding coupling constant for the single interface mode in the
phonon energy ranges of the barrier (b) or the well (w) semiconductor materials; see Fig.
I.1.2b. However, the coupling constants by itself cannot give us the most or the least
important phonon modes in the scattering process. The overlap integrals between the
phonon potential and electron wave functions significantly influence the scattering rates
and should be calculated with great care. Since the inclusion of the subband
nonparabolicity is essential for correct description of electron states, we calculate the
electron energy spectrum on the basis of the four-band Kane model taking into account
the complex boundary conditions for multicomponent wave functions (Kisin, 1998). The
calculations have been restricted to the case of a quantum well with a square well
potential profile and a well width, a =6 nm. We use this electron energy spectrum for all
scattering rate calculations represented here neglecting the perturbing action of

heterointerface #3 onto the electron wave functions in quantum well. For barrier width

10



b >2 nm, this approximation is quite reasonable due to the high-energy band offsets A,

at the AlAs/GaAs heterointerface and, consequently, due to the small penetration of the
electron wave function into the barrier region even for high-energetic states in second
subband. -

For a heterostructure with large barrier width b>>a, the rates for intrawell
scattering processes should be close to the rates in a single quantum well. Parity-
selection rules for inner interface mode scattering hold strictly in this limit. Thus,
symmetric inner interface and even-parity confined modes dominate in the intrasubband
scattering whereas antisymmetric inner interface and odd-parity confined modes
contribute primarily to the intersubband transitions. For large b, outer interface mode
locates at the remote heterointerface #3 and can not participate to intrawell electron
transitions because of the small overlap with the electron states. However, if the well and
barrier layer dimensions are comparable, the outer mode scattering becomes dominant in
accordance with growing overlap integral and as a result of the higher coupling constant.
Correspondingly, the scattering rates by the inner interface modes diminish since these
modes switch to the barrier layer. Fig. 1.1.4 illustrates this behavior for intrasubband 2-2
and intersubband 2-1 electron transitions. Here, scattering rates by interface optical
phonons are represented as functions of the barrier width. The scattering rate is computed
using the Fermi golden rule. The electron kinetic energy has been chosen so that
E, =60 meV in order to include the interaction with all possible interface modes. Fig.
L1.5 shows the energy dependence of the total intrasubband 1-1 scattering rates for
heterostructures with b =3, 6, and 12 nm (curves 1). It is readily seen that the previously
mentioned mutual redistribution of the outer and inner phonon modes makes the total
interface phonon scattering rate practically independent on barrier width over the entire
range of electron kinetic energy.

A qualitative explanation of this result may be related to the sum rule established
for the electron-phonon interaction in heterostructures (Riicker, 1992; Register, 1992).

Inasmuch as the wave functions of initial and final electron states are confined in the

same layer of the heterostructure (quantum well layer in this case) we can divide the total
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of the squared matrix elements for the scattering processes into two parts, corresponding

to the interaction with the interface and confined phonons:

M, = TIMi(ab) + ZIMc(a)l2=l§l(|M,,(a)]f. (L.1.10)

allmodes interface confined

Neglecting the phonon energy dispersion, this total should be the same for any complete
and orthogonal set of phonon modes; in particular, it equals the sum of matrix elements
of the interaction with effective LO bulk phonons. However, for confined electron states,
neither the second sum nor the right-hand side of equation (10) depend on the barrier
width b because of the strong damping of electron states in the barrier region.
Consequently, we can expect the first sum (for interface modes) to be independent of b
as weil. It is worth emphasizing that for the interwell or the phonon assisted escape
processes the situation can be quite different especially in the case of resonance
transitions (Stroscio, 1996). Here, the proper design of the phonon potential distribution
for a given barrier width may appear necessarily to achieve high subband depopulation
rate. ' V

For injected and/or hot electrons in the active quantum well of the laser

heterostructure, the electron kinetic energy is usually comparable with the LO phonon
energy. The condition Ey, ~hw,, separates active and passive regions in accordance

with optical phonon emission process and determines the electron distribution function in
the low-concentration limit. It is important to realize that just in this electron energy
range we cannot substitute the complex phonon spectrum of the heterostructure with bulk
phonons of any constituent material. In Fig. 1.1.5 we compare the intrasubband 1-1
scattering rates calculated for three different phonon spectrum models. Here, curves 1
represent the total scattering rate due to the combined action of all interface, confined,
and barrier phonon modes in the heterostructures with different values of barrier width,
b. Two other curves have been obtained by approximating the complex phonon
spectrum of the heterostructure with bulk phonons of well (curve 2) or barrier (curve 3)
material. In the electron energy range where the phonon energy is crucial for the
scattering rate value, the results of the three models differ significantly. Only if the
electron kinetic energy exceeds the highest phonon energy in the system we can use the

quasibulk approximation suggesting some intermediate composition for the effective bulk

12



semiconductor material. The basis of this approximation is that the total of the matrix

elements always falls between the corresponding values for bulk well and bulk barrier
materials (Riicker, 1992); this situation is illustrated in Fig. I.1.6. It is seen, however, that

this total is substantially different for different values of phonon ‘ﬁvtvave vector ¢.
Therefore, since the emission scattering rates for different phonon modes depend on the
phonon energy stepwise, we cannot choose the unique effective quasi-bulk
approximation in the whole range of different scattering processes and have to use more
complex phonon spectrum. In this work, we have shown that for the three-interface
heterostructures, an adequate model of the phonon specfrum is given by the phonon
spectrum of a single quantum well.

In conclusion, polar electron-optical-phonon interaction in an asymmetric three-
interfacé heterostructure - quantum well plus adjusted barrier layer of finite width, b -
has been studied. The interface phonon spectrum of the heterostructure is found to consist
of three basic types of modes. Two of the interface modes in the limit of large barrier
width can be related to symmetric and antisymmetric solutions for an isolated quantum
well and have similar dispersion. The third interface mode represents a symmetrized
linear combination of single interface modes of the outer heterointerfaces. We have
shown that the individual phonon potential distributions in the three-interface
heterostructure are substantially modified when changing layer dimensions. The decrease
of the barrier width, b, gives rise to the redistribution of the outer interface mode
potential from the right outer interface (between barrier layer and half-space narrow gap
semiconductor) toward the left outer interface (between barrier half-space and well
layer). At the same time, both inner phonon modes switch to the barrier layer
simultaneously changing their symmetry. We have found that this mutual redistribution
of interface modes keeps the total electron-optical-phonon scattering rate practically
unchanged for initial and final electron states localized in the quantum well region. This
enables us to use the simpler phonon spectrum of a single quantum well for the analysis |
of intrawell electron relaxation in the three-interface heterostructures used in cascade
laser design. The applicability of the sum rule for scattering rate calculation has been
examined by comparing the total scattering rate by all interface and confined optical
phonons with the results obtained in the quasibulk approximation for the phonon

13




spectrum. We show that in the case of injected or hot electrons with kinetic energy
comparable to the typical energy of optical phonons, the quasibulk approximation cannot
be used for accurate calculation of the electron-phonon scattering rates in

heterostructures. -

2. Other polar excitations — confined plasmon modes and resonant screening in

intersubband laser heterostructures

In this section we consider the electron-plasmon interaction and intersubband
resonance screening in a quantum well with inverted subband occupation typical for
intersubband lasers. We show that in such a system the intersubband plasmon emission
leads to an efficient de-excitation of the nonequilibrium initial electron state and raises
the occupation of states in the lower subband. Downshift and resonance narrowing of the
intersubband optical emission spectra are obtained and shown to be influenced by the
process of intersubband plasmon excitation.

Relaxation of nonequilibrium charge carriers is irnportant for the performance of

many electron heterostructure devices. At low sheet electron concentrations

Ng <102 ¢em™2, the intrasubband relaxation in A3Bs heterostructures is determined

basically by polar optical phonon and intrasubband-plasmon scattering processes, which

become comparable at the level of electron concentration N ~ 10 em™2 (Das Sarma,
1996). In laser heterostructures designed for optical transitions in the range Aw = 150-

300 meV the relevant energy quanta, hopy and ha)‘l(,l 1), are small compared with the

subband separation A, so that nonequilibrium electrons entering the first subband after
intersubband 2-1 phonon-emission transitions must subsequently cascade down the first

subband (Faist, 1996) emitting the optical phonons and low-energy intrasubband

plasmons. The high-energy intersubband plasmon mode, coglz) ,

being characterized by
an antisymmetric potential distribution, could participate in the intersubband relaxation
causing electron intersubband 2-1 transitions with a small momentum transfer. However,

under the condition of Fermi-filling of the first subband states, this kind of transition



" becomes possible only for high-energy electrons in the second subband because of the

up-shift of the energy of the intersubband collective excitations (plasmons) (Allen, 1976)
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Here, 5q and § are, respectively, the depolarization shift of the intersubband excitation

energy and depolarization integral, x is the dielectric constant. As a result, for electrons
injected into the bottom of the second subband the plasmon-assisted intersubband
relaxation is negligible. -

The above picture of the relaxation process has been developed for the normal
ordering of subband filling when most of electrons occupy the lower subband states,
Ng~ny. The operation of the quantum cascade laser (Faist, 1994) requires a
nonequilibrium state of the active quantum well with a significant population in the upper
(second) subband, N =n;+n,, including the situation with inverted subband
occupation, n, >n;. We demonstrate here that the inverted order of subband occupation
results in a novel effective relaxation mechanism for nonequilibrium electrons in the
lower subband due to scattering by intersubband plasmon excitations of the upper-
subband electrons. In contrast to the cascade relaxation by phonons and intrasubband
plasmons, this one-step scattering process efficiently fills the lower subband bottom and
should be taken into consideration if one is interested in the realization of a high-gain
QCL in the low-concentration regime (Gorfinkel 1996).

We restrict ourselves to the two lowest parabolic subbands characterized by a

Fermi-distributed population in the upper subband N ~ n, with the Fermi wave vector

krp and Fermi energy &.. The intersubband plasmon potential
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(z,1,1) = 051 (2)e’% cosawrt causes polarization of the electronic system in the
second subband corresponding to the admixture of lower energy states ;(z) from the
first subband to the occupied second subband states y,(z). In the rotating wave

approximation the density response at the perturbation frequency o is
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Using this induced charge distribution as a source in Poisson’s eqhation (Allen 1976) we

easily determine the intersubband plasmon energy ha)gl) (9) = Azy — &, This quantum

turns out to be smaller than ha)( 2) due to the positive sign of the electric field energy,
which is a part of the energy of the collective intersubband excitation. In contrast to the
system with normal subband occupation (Fig. 1.2.1a), where the intersubband plasmon
excitation raises the ground state energy E; by intersubband plasmon quantum, the
polarization process (2) results in the Jowering of the energy of the initial nonequilibrium

state (Fig. 1.2.1b). As a result, the scattering process with intersubband plasmon emission

in the inverted system must include the intersubband 1-2 electron transition associated
with the absorption of the de-excitation energy ha)( D . For this scattering process, the
initial and final state energies, E; =Ey+¢g(k) and

Ef=E +Ary+6(k—-q)-ho (q), are related by the conservation law, which

imposes a threshold for the allowed kinetic energy values of scattered electrons, viz.
8 2 &y =~ € + & . In accordance with the random phase approximation (RPA), the state

of the inverted system with one excited intersubband plasmon can be represented as

Ey - hcogl) (q)>= ZF(k)é‘f: k+q62,k|E0>. The expectation value of the first-subband
number operator in this state is then (c‘f:kc”l’k>=|F (k+q)|2, where the form-factor

F(k) obeys the normalization condition z}F (k)l2 =1. This implies an effective
increase of the first subband occupation by one electron. Since g <<k this process fills
the bottom states of the first subband - to a good approximation uniformly.

Consider now the simplest model of intersubband relaxation for nonequilibrium
electrons coming to subband 1 from subband 2 after the emission of an optical phonon.

We suppose the depopulation of the first subband be fast tunneling events,

Tiour << 11(,21) Then, in a steady state one has n) =ny 74y, / ph~ <<my, whence the

electron-plasmon scattering rates are determined essentially by the electron concentration




in the second subband. The l:;alance equation for the electrons occupying the bottom of

the first subband (with partial concentration rg) can be written in the form,

A-tw ,
m ph dgl f(£1) - no . (I 2 3)
2 21 ? -
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where f(&;) is the electron distribution function in the first subband, normalized as

A—h(op;, ﬂhzn
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and 1/ 11(31) - is the electron scattering rate by intersubband plasmons, coz(,%l). In the -

high-energy region, &r <& <Ay, the distribution function f(g) is established by
optical phonon and intrasubband-plasmon-cascade emission and can be approximated by
the simple expression (Gorfinkel 1996):

Ayy — hmph —6’1) 12.5)

WeeTlout

AGHES exp[-

where W, = W}S}tl) + WI(,} D is the total cascade cooling rate for 1-1 intrasubband

relaxation processes. For an exemplary calculation, we consider an infinitely deep

quantum well with subband energy separation A;; =300 meV and width a =4 nm. All

material parameters correspond to GagssIngs3As. The scattering rates, 1/ Tol,ph > have

been calculated for T=0 K by the standard method using the dielectric continuum
model (Constantinou 1991). The cooling rates, W ph,pi » are estimated upon inserting the
corresponding energy quantum inside the integral in the Fermi golden rule. To simplify
the model, the phonon spectrum has been approximated by bulk phonons though phoﬁon
confinement may be important for exact quantitative description of electron relaxation
proéess\es in thin quantum wells (Kisin 1997; 1998). The electron concentration range is
chosen to be 5x10'0 to 5x10'em™2, which is typical for the QCL (Faist 1994).

Phonon-plasmon coupling becomes important at higher concentration level

Ng 2102 cm™2 (Das Sarma 1996) and is neglected here. Fig. 1.2.2 represents the
distribution function for the electron population in the first subband calculated for two
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values of electron sheet concentration, Ng. Two separate groups of electrons are readily
seen in the first subband: “cool” electrons in the subband bottom and “hot” electrons in
high-energy states characterized by the distribution function (5). The inverted population
of the high-energy states is formed by cascade-like emission of opti'c:ﬂhal phonons and
intrasubband plasmons, whereas the subband bottom states with k <k are filled mostly
due to the one-step events of intersubband plasmon excitation. We would like to
emphasize that the latter process effectively fills precisely those states which are the final
states for light-emitting transitions (states with k<kr in the model considered here),
restricting to some extent the value of inverted populaﬁon associated with laser action.
This trend becomes more pronounced if the depopulation time, 7y,,,, increases. It has

been suggested by V.F. Elesin and Yu. V. Kopaev (Elesin 1995) that cascade relaxation

process due to optical phonon emission does not lead to a substantial electron population

in the first subband bottom (&) < h@py) unless the subband separation is an integer

number of optical phonon quanta. It has been claimed, therefore, that under certain
conditions higher depopulation time of the lower subband, 7},,,, may be beneficial for
enhanced laser characteristics in cascade intersubband devices. Unfortunately, significant
occupation of the bottom states with k <kp resulting from intersubband plasmon
emission invalidates this idea. The inset in Fig. 1.2.2 shows the occupation number £, for
the bottom states in the first subband as a function of the electron concentration r,,
calculated for two different values of depopulation time, 7,,, , namely, 1 and 2 psec. For
shorter 7,,, the effect of subband bottom filling by the intersubband plasmons becomes
less important.

We now turn to the optical characteristics in the quantum well, which are
substantially influenced by the intersubband plasmon spectrum. In a system with normal
ordering of the subband occupation the light-wave field screening by the electron gas
leads to an up-shift in the energy of the intersubband absorption spectrum (Allen 1976;
Vinter 1977). At high electron concentrations the absorption line-width is considerably
narrower than the single particle broadening determined by the nonparabolicity of the
subbands (Ando 1978; Zaluzny 1991). We will show that for a quantum well with

inverted subband occupation the depolarization field associated with the nonequilibrium
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corresponding down-shift and narrowing of the optical gain spectra. For a two-subband

intersubband plasmon excitations, @ leads to a down-shift of emission peak and a

model, following (Zaluzny 1991) we obtain low-temperature .long-wavelength
susceptibility y(@,q — 0), which includes the depolarization-field effect, under the

condition of inverted subband population and determines the optical gain:

2
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Here Q, = Ay +& — & is the energy separation for a particular “vertical” transition
and y is polarization dephazing rate, which we assume to be a constant (Ando, 1978).

The dipole matrix element 2z, and the depolarization integral S are also assumed to be

k- independent; in a two-subband model with infinitely deep quantum well they equal,

respectively, l6a/ 972 and Sa/ 972 . In the case of normal subband occupation, the
parameter a in (11) changes sign and we arrive at the results of Zaluzny and Warburton
for optical absorption (Zaluzny, 1991; Warburton, 1996). The factor (1- f;) describes
effect of the first subband bottom filling, which in our model occurs due to the
nonequilibrium intersubband plasmon excitation.

In Figure 1.2.3 we show the results of exemplary gain spectra calculations. If the
depolarization effect is neglected (a =0, dashed curves), the line-width increases
significantly with the electron concentration due to lower transition energies contributing
to the spontaneous emission process. At higher temperatures this nonparabolicity-induced
single-particle broadening would be even more pronounced. Taking into account the
resonance screening of the light field (solid curves) we obtain a substantial downshift of
the gain peak position and the line narrowing analogous to that observed in absorption
spectra (Warburton 1996). The line-width at the half-maximum level is practically
“pinned” at the value 2#Ay . This agrees well with the experimental observations of the
narrow spontaneous emission line-width even for high-temperature operating QCL-

heterostructures (Sirtori 1996; Gmachl 1998). Our results show also the remarkable
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influence of the lower subband bottom filling on the gain peak position. The maximum

shift of the gain spectrum is achieved at low value of depopulation time 7,,, ~ 0.1 psec,

which is typical for modern QCL design, while the increase of 7y,,, leads to a more
effective filling of subband bottom (see Fig. 1.2.2) and results in substaitial decrease of
the peak shift.

In conclusion, it is demonstrated that the polar-mode scattering processes in ISL
active region with inverted subband occupation differ significantly from those in normal
systems. The excitation of intersubband plasmons lowers the energy of the
nonequilibrium initial state and opens a new relaxation channel for high-energy electrons
in the lower subband. In this process the scattered electron undergoes a transition to the
higher subband while the bottom of the lower sub‘t;and is filled as a result of intersubband
plasmon excitation. This one-step scattering process requires small momentum transfer
and is more efficient than the cascade relaxation by phonons or intrasubband plasmons.
In quantum wells with an inverted subband occupation the nonequilibrium character of
intersubband plasmons results in strong peculiarities of the light-emission spectra. We
have shown that the intersubband resonance screening of light-wave electric field in these
systems leads to both narrowing and anomalous downshift of the optical gain spectrum.
Peak position of the optical gain is affected significantly by the change-of the first

subband occupation due to the intersubband plasmon excitation.

II. STUDIES OF THE ELECTRON THERMIONIC EMISSION FROM ACTIVE
REGION OF InGaAsP/InP MQW LASERS (EXPERIMENT AND MODELING)
Intoduction

Despite the industrial success of strained multi-quantum-well (MQW)
InGaAsP/InP laser heterostructures, a search for ways to improve the temperature
performance of these lasers remains one of the most important directions in reducing the
cost of devices that emit at a wavelength of 1.3um and operate reliably over the
temperature range of - 40 to +85C. Modern lasers based on the InGaAsP/InP material
system are characterized by high temperature sensitivity of their characteristics. This fact
stems from poor electron confinement due to a small conduction band offset in the

conventional InGaAsP/InP system and high values of the working injection current



“density of multi-quantum-well devices (Anthony, 1980; Agrawal, 1986). The high
intensity of thermionic emission of the electrons from active region of the lasers
responsible for device high temperature sensitivity as well as for high value of the
threshold current. It was predicted theoretically and shown experimentally (Chen, 1983;
Kazarinov, 1994; Belenky, 1995) that an increase of acceptor concentration in the p-
cladding layer adjacent to the active region in 1.3pum bulk active InGaAsP/InP lasers
minimizes the voltage drop at the p-cladding/SCH interface and avoids a substantial
reduction of the barrier for thermionic emission of electrons from the active region layer.

In this work we study both experimentally and theoretically how the change of the
p-doping profile, particularly the p-i junction placement, affects the output characteristics
of 1.3 pm InGaAsP/InP MQW lasers. Device characteristics are simulated including
carrier transport, capture of carriers into the quantum wells, the quantum mechanical
calculation of the properties of the wells, and the solution for the optical mode and its

popula-tiorhl' self—consisfently as a function of diode bias.

1. Carrier leakage current and effect of the electrostatic band profile deformation
inInGaAsP/InP MQW lasers.

In this work the temperature dependencies of the threshold current, device slope
efficiency and heterobarrier electron leakage current from the active region of
InGaAsP/InP MQW lasers with different profiles of acceptor doping were measured
under pulse injection within the temperature range of 10 - 80 %C and the range of
injection current densities up to 10 kA/cm® This level of the injection is close to
operating conditions of 1.3 pum MQW InGaAsP/InP buried heterostructure devices.

We have fabricated and measured broad area laser devices which incorporate an
electron collector (Belenky, 1995; 1996) for leakage measurements with the cavity length
of 500 pm, mesa width of 20 pm and collector area about Sum x Sum. For measurements
of the device slope efficiency, we used broad area lasers with 60 pm stripe width and the
same cavity length. Lasers with three different p-doping profiles in the vicinity of the
active region were studied: with an undoped p-cladding/SCH interface, with moderately
Zn doped interface (~5x1 0'cm®) and doped interface (1.5x1 Olscm'3). Zn concentration at

the SCH/active fegion interface was about 10"%cm™ for the first type of devices and did
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not exceed 10"em™ for both latter types. The laser active region consists of 9 quantum
wells 70 A thick separated by 100 A barriers and is surrounded by 500 A separate
confinement layers (A = 1.15 pm). The device structure and its doping profiles were not
different from those described in (Belenky, 1996). In our studies the {iijection current
pulses have a 50 ns - 250 ns width and a 100 kHz - 1 kHz repetition rate.

Fig. II.1.1 shows the temperature dependence of threshold currenf density Ju, for
devices with the different profiles of p-doping. One can see that the values of threshold

currents in 1.3 pm InGaAsP/InP lasers and their temperature dependencies are different

for devices with different Zn doping profiles. In lasers with an undoped p-cladding/SCH
interface, the threshold current rapidly increases with temperature above 40 °C; The
temperature dependence of Jy for devices with a moderately doped p-cladding/SCH
interface or with a doped interface are characterized by one slope with typical To = 60 K.
Thickness of the cladding layers of the devices studied in this work were 0.65um, almost
twice thinner that it is necessary to avoid absorption of the optical field by alloyed
contacts and so to optimize the external quantum efficiency value. Measured at 20C value
of Mext for devices with moderately doped and doped p-doping/SCH interface was about
25% and for devices with undoped interface 20%. We observed a strong dependence of
Next temperature sensitivity on doping profile. Fig. I1.1.2 presents the results of
measurements of temperature dependencies of external efficiency for devices with
different doping profiles.

The results of measurements of the heterobarrier carrier leakage current Ji are

presented in Fig. II.1.3a and Fig. I1.1.3b for devices with undoped and doped interfaces

- correspondingly. We used a purely electrical technique (Chen, 1983) to measure the

leakage of electrons from the active region of a InGaAsP/InP MQW laser. The obtained
results in their entirety demonstrate unambiguously that optimization of the p-doping

profile allows to decrease the electron leakage current in InGaAsP/InP lasers by about

- one order of magnitude. However, the results of the J. measurements cannot explain the

difference in the dependencies Nex (T) for devices with different doping profiles
presented in Fig. IL.1.2. As shown in Fig. II.1.3, the measured value of J does not exceed
4% of the total injection current densities even for devices with an undoped p-

cladding/SCH interface at 80 °C. Taking into account that the collection efficiency of
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leakage current density by the electron collector on the top of the p-contact is at least

80% (Belenky, 1995), we can estimate that the maximum possible contribution of the
effect of heterobarrier leakage to the reduction of internal efficiency is about 5%. For
lasers with a doped interface, the corresponding values are less than-9.5% at 80 °C.
Comparison of the results presented in Fig. II.1.1,2 with Fig. I1.1.3 allows us to conclude
that the rapid increase of the threshold current and the decrease of efficiency with
temperature for 1.3 uym InGaAsP/InP MQW lasers with an undoped p-cladding/SCH
interface cannot be explained by the increase of leakage current. The qualitative
understanding of the results presented in Fig. II.1.1-3 can be achieved in the framework
of the model of electrostatic band profile deformation developed in (Seki, 1995;
Garbuzov, 1995) for MQW InP based lasers.

At high injection, electrons can spill over into the SCH region from the QW’s,
while holes remain localized within the QW. This separation of charges creates
electrostatic band profile deformation making the energy of the effective barrier for the
conduction band larger, and that for the valence band smaller compared with the initial
one. At elevated temperatures, the hole density within the SCH can increase leading to an
increase in loss and recombination in the SCH, and as a result causing the rise of the
threshold current and the decrease of the slope efficiency (Seki, 1995a; 1995b). The
results of calculation of the dependencies Mex(T) and Iiy(T) carried out within the
framework of the model of the electrostatic band profile deformation appear to be in good
agreement with measured nex(T) and I4(T) for MQW InGaAsP/InP lasers (Seki, 1995b).
It was shown that the rapid rise of the Iy, with temperature within the region 40-80°C,
which is a common phenomenon for undoped lasers (Fig. I1.1.1), is caused mostly by the
effect of electrostatic band profile deformation and not by the increase with temperature
of the intensity of Auger processes. The conclusion (1995a) about accumulation of holes
in the SCH layer at elevated temperatures is supported by the results of spectrally
resolved measurements of the spontaneous emission from the SCH layer of 1.3 um
InGaAsP/InP MQW lasers (Bemussi, 1995). It was shown that above threshold, in
agreement with prediction (Seki, 1995a,b), the intensity of radiative recombination in the
SCH layer of these lasers increases with the drive current and that this increase correlates

quantitatively with the decrease of the device slope efficiency.
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To explain the difference in measured dependencies Nexi(T) and I(T) for devices
with different acceptor doping shown in Fig. II.1.1,2 in the framework of the model
(Seki, 1995a,b; Garbuzov, 1995), we assume that doping profile affects the charge
distribution within the SCH, thus suppressing the influence of the band bending effect on
device performance. The difference in dependencies Nex(T) and Ii(T) for devices with a
moderately Zn doped interface and doped interface can also be explained by the
difference in optical loss caused by the degree of p-doping. Assumption about
suppression of the effect of electrostatic band bending by incorporation of acceptors into
the SCH layer allows us to understand the difference in dependencies Ji(J;) presented in
Fig. I1.1.3a and Fig. II.1.3b for devices with different doping profiles. Increase of the
electron energy barrier for thermionic emission caused b); the electrostatic band bending
effect can be responsible for sublinear character of the dependencies J (J) registered in
the case of undoped heterointerface structure (Fig. II.1.3a). Fig. II.1.4a and Fig. I1.1.4b
show the dependencies of the coefficient (1 - J1/J;) versus current density J; for devices
with undoped and doped interfaces correspondingly. The value of this coefficient
chdracterizes the contribution of heterobarrier leakage current change with injection
current into the dependence of the device internal quantum efficiency on injection
current. The parameter o defined by equation: Mine (lin) = mmth - o( Lip - Inn)
characterizes the contribution of the total leakage current (in the case of the buried
heterolasers it is the sum of the heterobarrier and blocking layer leakage) in the change of
the device internal efficiency with injection current, here nimﬂ’ is internal quantum
efficiency at threshold. For 1.3um InGaAsP/InP MQW buried heterolasers dévices
common value of the o is about 0.5a”" (Zhang, 1995). Our experiments show that for
devices with moderately doped and doped p-doping/SCH interface contribution of the
heterobarrier leakage in o doesn’t exceed 0.1 even at 80C. We can conclude that
optimization of p-doping allows to minimize the contribution of heterobarrier leakage
effect into the o .

In summary of this part, we demonstrate that the temperature sensitivity of the
device characteristics depends on the profile of p-doping, and that variation in the
temperature behavior of the device threshold current and slope efficiency for lasers with

different doping profiles cannot be explained by the change of the measured value of the
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leakage current with doping only. The obtained experimentallresults can be qualitatively
explained by suggesting that doping can affect the value of electrostatic band profile
deformation which affects temperature sensitivity of the output device characteristics. We
demonstrate that utilizing a p-doped p-cladding/SCH layer interface in InGaAsP/InP
multi-quantum-well lasers leads to improved device temperature performance even at

80°C and high injection current densities.

2. Optimum placement of the p-i junction in InGaAsP/InP MQW lasers. Balance
between carrier leakage and free carrier absorption. Experiment and modeling

In this part we study MQW InGaAsP/InP lasers. As in previous section we will
use optimization of Zn doping profile as a powerful technological method to control
device performance. In ﬂﬁs particular case to control the placement of the p?junction. It
is well known that fabrication of a 1.3 -1.5 pm wavelength separate confinement capped
mesa buried heterostructure (CMBH) involves three growth steps: the growth of the base
structure which is followed by mesa delineation and growth of current blocking layers
(second epitaxial growth) and, finally, by cladding and contact layers (third growth)
(Zilko, 1989; Swamatanian, 1995; Swamatanian, 1996). Zn is a commonly used p-type
dopant in InGaAsP/InP lasers. It has been shown that in the process of fabrication of
CMBH lasers the diffusion of Zn during third (final) growth plays a decisive role in the
formation of the final doping profile of Zn in the vicinity of the laser active layer and in
material electro-optical characteristics (Swamatanian, 1995, 1996; Schubert, 1995). This
profile determines a variety of fundamental laser characteristics including the device
gain, optical losses and leakage current as well as the device temperature and high
frequency performance. One of the important problems of semiconductor laser
engineering and technology is developing a tool for determining the optimum depth of
the p-doping profile for lasers with a given design. In this work we study both
experimentally and theoretically how the change of the p-doping profile, particularly the
p-i junction placement, affects the output characteristics of 1.3 pm InGaAsP/InP MQW

lasers.

We grew base structures of 1.3 um InGaAsP/InP MQW lasers with three different

doping profiles and fabricated broad area lasers. Part of the same wafers was used to
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grow an additional p-cladding and contact layers (imitation of the third growth in the case
of CMBH lasers) to fabricate lasers. As a result, we have established (a) the relationship
between the epitaxial growth p-doping profile before and after regrowth, (b) the
relationship between changes in the doping profile and the devices outpui characteristics.
The simulations predict and the experiments show that an optimum p-i junction
placement simultaneously maximizes external efficiency and minimizes threshold
current. These facts can be used to optimize the p-doping profile of the device with a
given design taking into account possible laser applications. It is demonstrated that tuning
of the base epitaxial growth Zn profile allows one to fabricate MQW devices with a
threshold current of approximately 80 A/ecm? per well for devices with 9 QWs at room
temperature or lasers with characteristic temperature Tg = 70 K within the temperature
range of 20 - 80°C.

InGaAsP/InP heterostructures were grown by low pressure (60 torr) metalorganic
chemical “vapor deposition (MOCVD) on (100) n*-InP substrates. The strained MQW
region consisted of nine 70 A wells and 100 A barriers in which the wells were
mismatched ~ 1%. The separate confinement and contact layers were lattice matched.
Fabricated structures are shown schematically in Fig. 11.2.1(a,b). In part of the wafer, the
contact layers were removed by etching, and another 1.2 pm of InP cladding was grown
with an InGaAs contact layer on top (Fig. I1.2.1(b)). The second growth was carried out
at the temperature of 650°C. Secondary ion mass spectrometry (SIMS) concentration
depth profiles in the vicinity of the device active region for structures (Fig. I1.2.1 (a))
prior to regrowth are shown in Fig. I1.2.2 (a), and are referred to as structures (1), (2) and
(3). While the As profiles are only shown in arbitrary units to denote placement of the
MQWY/SCH region, the Zn and Si profiles are quantitative. Fig. I1.2.2(b) demonstrates the
SIMS data obtained from structures (1) - (3) after the InGaAs contact layer was removed |
by etching and an additional 1.2 um Zn doped InP and 0.2 pm contact layers were grown.
These structures are labeled (4), (5) and (6), correspondingly. Significant changes in the
Zn profiles from the regrowth procedure are easily recognizable.

The important parameter of the structures under consideration is the setback
distance A between the p-doping profile edge for a Zn concentration 5 10"7cm™ and the p--
cladding/SCH interface (denoted by As in Fig. I1.2.2). This setback is positive for a low
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| doped interface and negative for high p-doping of the SCH, that is Zn has penetrated the

active region. We measured the temperature dependence of threshold current Iy(T) and
~ external efficiency Nex for broad area devices with a cavity length of 500 pm and mesa
width of 125 pm. In our studies the injection current pulses have a 50 ns width and a 100
kHz repetition rate. It is clear in Fig. I1.2.3 (a, b)) that I, as well as its temperature
dependence both changed as a result of regrowth. The insert of Fig. I1.2.3b shows the
improvement of the characteristic temperature T, (temperature range of 10 to 80°C) with
doping at the heterointerface. Laser structure (4) demonstrates at room temperature the
lowest threshold current of approximately 80 A/cm? per quantum well. However, these |
lasers with an undoped SCH layer are characterized by a rapid increase of threshold
current for temperatures higher than 50°C. All devices with a doped p-SCH layer
(structures (2), (3), (5) and (6)) exhibit only one slope for Iy, (T) within the temperature
range of 20 - 80°C (T, = 65 - 70 K) and demonstrate a slightly higher I, than for device
4). We used a direct electrical technique (Belenky, 1995, 1996) to measure heterobarrier
leakage of electrons from the device active region and a modified Anderkson technique
(Shtengel, 19955 to measure the total optical loss fér CMBH devices.

There are competing effects, which are strongly influenced by the doping profile.
First, the doping near the p-cladding to p-SCH heterointerface has a strong influence on
the electron leakage out of the active layer affecting the device injection efficiency
(Kazarinov, 1994). Second, the p-doping contributes to optical loss through the
intervalence band absorption. Thirdly, the doping profile can modify the details of the
carrier distribution in the multiquantum well region. This is a more subtle effect
concerning the balance between the three dimensional carriers in the active region and
the carriers confined to the quantum wells. It has also been argued (Donetsky, 1998) that
doping can suppress the effect of band profile deformation in the SCH (Yamanaka, 1993;
Seki, 1995) and alter the degree to which carriers spill out of the quantum wells.

In order to understand these effects in more detail, careful simulations have been
performed. The simulations include normal carrier transport, the optical field, the bound
carrier populations in each well, gain from the quantum wells and stimulated emission
self consistently. In particular, the quantum wells are explicitly treated, including the

quantum mechanical calculation of the bound levels, the densities of states and the gain.
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Capture of carriers into the bound population is treated as a local recombination process
for the thfee dimensional carriers. The transverse }node is based on solution of the
Helmholtz equation including changes in refractive index induced by the free carriers.
Further technical details of the simulation are described in (Alam, 1997; Hybertsen,
1998a, 1998b). Wide area diodes have been studied following the basic features of the
samples under study. Mirror loss of 25 cm™ is included. No scattering loss is considered.
The loss due to the p-doping and the free carrier loss are both computed self-consistently
from the hole distribution using measured coefficients (Henry, 1983). Coefficients for
'Auger recombination are in ﬂ1e range from values in the literature. In the simulations, the
doping profile is constructed with idealized abrupt steps. The background doping in the
active region was assumed to be n-type 10 cm? for positive setback and p-type for
negative setback. _

Fig. I1.2.4 shows the band diagram and quasi-Fermi levels (pertaining to the three
dimensional carriers) for a broad area laser diode at high bias. The assumed p-doping
profile ends 50 nm outside the p-side SCH. Electron leakage consists of thermionic
emission over the heterobarrier and minority carrier diffusion to the p-contact. The
effective barrier combines the band offset and the local band bending:

Jieak % €Xp(—(EZ"™ — F,)/ kT)
where F, is the electron quasi-Fermi level in the SCH near the interface. The local
maximum in the conduction band profile includes band bending related to the local
doping concentration and the influence of any local voltage drop. The local voltage drop
is dominated by the variation in the hole quasi-Fermi level, AF,, illustrated in Fig. I1.2.4.
Under conditions of current injection, it can be argued that AF, is approximately
proportional to log(1+J/Jy) (Kazarinov, 1994). The scale J is related to the local doping
concentration in the p-cladding near the interface with larger doping giving a larger value
of Jo. A detailed expression for J, is given in (Kazarinov, 1994). Higher doping near the
interface reduces the heterobarrier leakage. If, furthermore, the carrier population in the
active layer is clamped above threshold, then F, is constant. It then follows that the
leakage current is approximately proportional to the total current above threshold.
However, in a multiquantum well laser, the situation is more complex. The three

dimensional carriers are a reservoir which feeds the quantum wells supplying the gain for
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stimulated emission. In this situation, the three dimensional population may not be fully
clamped. Then the leakage current can be a superlinear function of the injection current.

The lower panel in Fig. I1.2.4 shows the free carrier densities. The influence of
carrier transport through the multiquantum well active region, particularty holes, is seen
in the non-uniform electron density. Correspondingly, the bound hole population (in the
wells) also vary. The bound hole population is larger for the well nearer to the p-side
SCH. This has been described in more detail elsewhere (Alam, 1997, Hybertsen
1998a,b). Another feature of the self-consistent band profile in the active region is the
substantial electron and hole densities in the p-side SCH (~5x10'" cm™). This was also
observed in quasiequilibrium calculations (Yamanaka 1993; Seki 1995). If the interface
and the SCH are p-doped, then the light line in the upper panel shows that the band
profile is significantly different. In particular, a higher barrier is pfesented for electron
leakage. The carrier density in the p-side SCH (not shown) is lower and the amount of
excess voltage near the interface is much smaller. This leads to much lower leakage in
this case, consistent with (Kazarinov, 1994).

Dependencies of the measured and calculated coefficient JUh (). and J; are
leakage and injection currents correspondingly) on the setback are presented in Fig. I1.2.5.
Changes of this coefficient reflect a change in injection efficiency. Agreement between
experiment and theory is satisfactory. This confirms the dependence of heterobarrier
leakage on setback and shows that the simulation accurately models this effect.

The presence of higher doping near the active layer increases the optical loss.
Experimental data for a CMBH device with cavity length 300pm and mesa width 1 pm
were obtained by modified Andrekson technique (Shtengel 1995). The results of these
loss measurements for devices with a doped SCH and with doped active regions are
presented in Fig. I1.2.6. The increase of the doping in the active shows a systematic
increase in the optical loss. However, the change in optical loss with current below
threshold shows approximately the same slope. The results of the simulation for the case
of a doped SCH are also shown in Fig. 11.2.6. The simulation is in approximate
agreement with the experimentall data. In particular, the change in optical loss with

current derives from intervalence band absorption caused by the accumulation of bound
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holes in the quantum wells. The calculated three-dimensional carriers in the active region
are shown in Fig.I1.2.4. These holes also contribute, but to a lesser extent.
Having considered the leakage and the optical loss separately, we now turn to the

balance between these effects on device performance. The threshold condition is simply
8 =0y + Qg+ 0y, + ay
where the contributions to the loss are due to the mirror, scattering, doping and free

carriers. In a simple model, the threshold includes both the injection efficiency and the

threshold carrier concentration in the active region:

1

1, =—(BN2 +CN3)

inj
where the injection efficiency and the conventional spontaneous emission and Auger
coefficients enter. If the p-doping is low in the InP near the SCH, then the contribution to
the loss from ouep is low. However, the leakage current will be larger. On the other
hand, 'mo-\)ing the doﬁing closer to the interface, or even into the active region, will
optimize the leakage giving a near unity injection efficiency at the expense of a larger
contribution from ot4ep. In considering the balance of these fabtors, one must note that the
threshold current rises superlinearly with loss but only linearly with injection efficiency.
Further, the injection efficiency is no longer increasing once the interface is doped.
However, p-doping in the active region still increases the loss. The influence of the p-
doping on the quantum well populations is a more subtle point requiring detailed
calculations. Finally, the net impact on threshold and external efficiency must be
calculated in detail. The simulated diode performance as a function of p-doping setback is
shown in Fig. I1.2.7. The trade-off between leakage and optical loss is seen to result in a
shallow minimum in the threshold current and a pronounced maximum in the external
efficiency. In the limit of large positive setback, leakage eventually dominates over the
reduction in loss. For negative setback, leakage is negligible. However, losses continue to
rise with increased doping of the active.

The data in Fig. I1.2.8 for devices before and after regrowth show that both the
threshold current and the device external efficiency show optimum values for a setback

of ~ 50 nm. The relative change in efficiency is well reproduced by the simulation.

However, the experimental data suggest a much sharper optimum in threshold current
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“than does the theory. The absolute magnitude of the calculated threshold current is
reasonable given that no parameters were specifically tuned for this purpose. Of more
concern is the weak change in the calculated threshold current as the losses rise for
negative setback. Concerning the two sets of devices measured, the difference in p-
cladding thickness may be important. For the devices with thin p-cladding, the role of the
metallization in the optical losses may be larger.

Beyond the physical effects of the doping profile already included, there may be
other effects caused by Zn doping. This is more speculative, but these were not accounted
for in the calculations. Impurity scattering can influence the inténsity of the nonradiative
losses in the active and the SCH layers. For example, the Auger coefficients may depend
on the local doping concentration. Impurity scattering may also play some role in the

calculation of the optical gain. |

| In conclusion, we have shown that details of the p-doping profile have systematic

impact on the static device performance. In particular, there is an optimal placement for

the p-i junction which both minimizes threshold and maximizes external efficiency.

Detailed simulation shows that this is the balance between leakage current and optical

loss. These considerations must be taken into account in the laser design for different

applications.
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EXECUTIVE SUMMARY

1. We show that optical phonon confinement effect is an important”i%ssue for correct
calculation of the electron relaxation rates in intersubband semiconductor laser
heterostructures. A simplified model for intrawell LO-phonon-assisted relaxation
processes in an asymmetric one-well/one-barrier intersubband laser heterostructure
has been developed. The practical invalidity of the bulk-like phonon spectrum
approximation is demonstrated. '

2. A new relaxation channel for high-energy electrons in intersubband laser
heterostructures has been predicted. We show that one-step scattering by transverse
plasmon-like collective excitations is more efficient than the cascade relaxation by
LO-phonons or longitudinal intrasubband plasmons. We have shown that in an active
quantum well with inverted subband occupation the nbnequilibrium character of
intersubband plasmons results in strong peculiarities of the light-emission spectra: the
intersubband resonance screening of light-wave electric field leads to both narrowing
and anomalous downshift of the optical gain spectrum.

3. We demonstrate for the first time the possibility to predict the "optimum" p-i junction
placement in semiconductor laser diodes. Such "optimum" placement corresponds to
the minimum of the intensity of thermionic emission of electrons from laser active
region and simultaneously to the minimum of free carrier absorption. The simulations
predict and the experiments confirm that the "optimum" p-i junction placement
simultaneously maximizes external efficiency and minimizes threshold current.
Tuning the device Zn profile we fabricated InGaAsP/InP MQW lasers with a world
record value of the threshold current -80 A/cm? per well for devices with 9 QWs at

room temperature and lasers with characteristic temperature To = 70 K within the

temperature range of 20 - 80°C.




FIGURE CAPTIONS

Figure L.1.1. ~

Schematic plot of conduction band profile of the three-interface heterostructure discussed
in this study.

Figure 1.1.2.

Interface phonon mode (a) dispersions and (b) coupling constants for interface phonon

modes in three-interface heterostructure ‘with layer dimensions &= 6 nm and b = 6 nm.
The interface modes are grouped into the GaAs-like (dashed lines) and AlAs-like (solid
lines) modes in the ascending order in frequencies. There are three phonon modes in each
group labeled by: I(O) - inner (outer) interface modes; S(A) - symmetric (éntisymmetric)
modes in the limit 5>>a.

Figure 1.1.3.

Interface phonon potential distributions, e¢,(z), calculated for the three-interface
heterostructures with different barrier widths: (a) 5= 12 nm; (b) =6 nm; (c) b=3 nm.
Quantum well width is a =6 nm; the value of phonon wave vector g is fixed at 0.4 nm™.

Solid (dashed) lines refer !to phonon modes in barrier (well) phonon energy range.
Figure 1.1.4.
Scattering rates by the interface phonon modes as functions of the barrier width b at

room temperature: (a) intrasubband 2-2 transitions; (b) intersubband 2-1 transitions.

Initial electron kinetic energy in 2nd subband is £, =60 meV. The combined scattering
rates by both GaAs-like and AlAs-like modes are represented here.

Figure 1.1.5.

Total scattering rates for intrasubband 1-1 transitions as function of electron kinetic

energy in different phonon spectrum models. For the case when all the interface and

confined modes of the heterostructure are taken into account, the curves are labeled by

values of the barrier width b=3, 6 and 12 nm.




' Figure I.1.6.

Scattering matrix elements as functions of phonon wave vector g for intrasubband 1-1
transitions. The sum of all matrix elements (1) falls between the corresponding values for
bulk well (2) and bulk barrier (3) phonons. All matrix elements are noimalized to the
value of bulk GaAs matrix element at small q. Initial electron kinetic energy in 1st
subband is E; =60 meV. Abbreviations: IS(A) - inner symmetric (antisymmetric)
interface mode; O - outer interface mode; C - the total of barrier and well confined
modes.

Figure 1.2.1

Spectrum of electron excitation in a two-subband system with normal (a) and inverted (b)
ordering of subband occupation. The continuum single-particle excitations of the initial
state E is represented by shaded regions and the dispersions of intrasubband (11,22)
and intersubband (12,21) collective excitations are shown by heavy solid lines. Dashed
lines iilus;:rate the sca&ering of an external electron (€) by intersubband plasmon. In the
insets we show electron-electron scattering events which are analogous to the electron-
plasmon processes but are ineffective due to electron wave function orthogonality (a) or

large momentum transfer (b).
Figure 1.2.2

Approximate nonequilibrium distribution function for electrons in the first subband for

subband depopulation time 7y,,,= 1 psec and two values of electron concentration 7, : a

- 1x10Mem™2 , b- 5x10''cm™. The inset shows the occupation probability for
electron states near the first subband bottom as a function of electron concentration n,
for two different values of 7y,,, (in psec).

Figure1.2.3

Down-shift and narrowing of the optical gain spectra due to the depolarization effect in a
quantum well with inverted subband occupation. Dashed curves represent calculations

neglecting the depolarization effect (@ = 0) for two values of electron concentration n, :

a- 5x10°%m2;b- 4x IO”cm'z. Solid curves labeled with the value of tunneling
depopulation time 7;,,, (in psec) illustrate the influence of the first subband bottom

34



filling on the gain spectrum at n, =4x 10" em™2. The low-temperature value hy =1

meV was taken for the polarization dephazing rate.
Figure I1.1.1 .
Dependencies of threshold current density on temperature for three lasers with different
doping profiles: undoped p-cladding/SCH interface (dotted curves, circles), moderately
doped interface (dashed lines, triangles) and doped SCH region (solid lines, squares).
Figure I1.1.2

Normalized slope efficiency as a function of temperature for lasers with three different
doping profiles: undoped p-cladding/SCH interface (dotted curves, circles), moderately
doped interface (dashed lines, triangles) and doped SCH region (solid lines, squares).
Figure IL1.3

Measured heterobarrier leakage current versus injection current for the lasers with
undoped p-cladding/SCH interface (a) and doped SCH region (b) at 20°C (circles), 50°C
(squares) and 80°C (triangles).

Figure 11.1.4

Dependencies of 1-Ji/J; versus injection current for the lasers with undoped p-
cladding/SCH interface (a) and doped SCH region (b).

Figure I1.2.1

Schematic crossection of the fabricated structures before (a) and after (b) regrowth.
Figure 11.2.2

Secondary Ion Mass Spectrometry (SIMS) concentration depth profiles of Zn and Si for
structures before regrowth (a), 1 through 3, and for the same structures after regrowth (b),
4 through 6. The setback A is defined as the distance between the Zn-doping profile edge

at a concentration of 5x10'7 cm?, and the p-cladding/SCH interface at the concentration
level of 5x10'7 cm™ (dashed line).

Figure I1.2.3

Temperature dependence of the threshold current of the broad area laserts before
regrowth (a) and after regrowth (b) . The insert of Fig. 3 shows the improvement of the
characteristic temperature T, (temperature range of 10 to 80°C) with doping at the

heterointerface.
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Figure 11.2.4 A
The band diagram and quasi-Fermi levels for broad area lasers at high bias; p-doping
profile corresponds to a setback A = 50 nm. The free carrier density is shown in the lower
panel. -

Figure IL.2.5 »

Ratio of the leakage current density to the injection current density at 25°C as a function
of setback. The experiment and theory are shown by solid and dashed lines,
correspondingly.

Figure I1.2.6

Optical loss measurements for CMBH structures with a cavity length of 300 um. The
values of Zn concentration in the middle of the active area are 3x10'” (open symbols) and
2.4x10" cm™ (closed symbols). The theory curves correspond to the A = -50 nm.

Figure I1.2.7

Simulated setback dependence of threshold current (a) and normalized efficiency (b) at
25°C.

Figure I1.2.8

The setback dependence of the threshold current (a) and normilized efficiency (b) at 25°C
for structures 1 through 6.
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