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Optical gain in InAs/InGaAs quantum-dot structures:

Experiments and theoretical model

P G Eliseev, H Li, G T Liu, A Stintz, T C Newell, L E Lester, K J Malloy

Abstract. The dependence of the mode optical gain on
current in InAs/InGaAs quantum-dot structures grown by
the method of molecular-beam epitaxy is obtained from the
experimental study of ultra-low-threshold laser diodes. The
record lowest inversion threshold at room temperature was
about 13 A cm 2. A theoretical model is proposed that
relates the optical gain to the ground-state transitions in
quantum dots. The effective gain cross section is estimated
tobe ~7x 10715 cm™2.

1. Introduction

Quantum-dimensional structures with a reduced dimension-
ality offer certain advantages in a number of applications
[1, 2]. Quantum-dot (QD) laser diodes possess the lowest
lasing threshold in the active region among all the room-
temperature semiconductor lasers [3—6]. In DWELL (dot-
in-a-well) structures with the InGaAs quantum well in the
active region containing one layer of self-organised InAs
dots, the threshold current density as high as 26 A cm™>
has been obtained [5].

Each QD represents an atom-like object with a discrete
energy spectrum. The interband emission of a QD with the
lowest energy, which is called the ground-state emission, cor-
responds to the transitions between the ground state of an
electron in conduction-band well and the ground state of a
hole in the valence-band well (Fig. 1). We will use this nota-
tion for a long-wavelength emission band of a QD, which
provides the achievement of the lowest threshold.

If the current density is sufficiently high but lasing is
absent (because of high optical losses in the diode cavity),
emission and gain appear in the spectral bands of the so-
called excited states located at higher energies. For example,
DWELL lasers with uncoated faces [6] produce emission in
the ground-state band at about 1 eV only in long (longer
than 1.5 mm) cavities. The first excited band corresponds
to the energy 1.07 eV.

The dependences of the emission intensity and optical
gain on the current are important characteristics of QD
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lasers. In this paper, we present the results of our experimen-
tal studies and a model based on the rate equations, which
describes the concentration of carriers in a QD and a sur-
rounding quantum well. We found the relation between the
carrier concentration in the ground state and the injection
current density and also calculated the mode gain for a
low pump level taking into account the effective gain cross
section and the calculated optical limitation factor. The
results of our simulation well agree with experimental
dependences of the threshold gain on current, which were
obtained for three different types of ultra-low-threshold
QD lasers.

2. Samples and measurements

We studied ultra-low-threshold laser diodes with a broad
(100 um) cavity, which were made of three epitaxial InAs
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Figure 1. Energy transition diagram of a QD laser (the DWELL struc-
ture). The single upper and lower QD working levels are considered. The
level notation: J are pump electronic transitions; C is a coefficient of the
electron capture from a quantum well (QW) by a QD; t are working trans-
itions in the QD; B is a coefficient of parasitic recombination of electrons
in the quantum well with holes in it and holes in the QD; and N * is the con-
centration of the upper working state in the QD.
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Table 1. Parameters of the MBE structures studied.

Two-dimensional QD

Three-dimensional QD Fraction of In

Structure M d/nm density /10" cm™ density/10'® cm™ ina DWELL layer %/nm
SDWELL-577 1 10 2.5 2.5 0.15 1246
MDWELL-638 3 9.6 2.5 2.6 0.15 1250
SDWELL-432 1 10 7.5 7.5 0.20 1230

Note: M is the numer of DWELL layers in the structure; dis the thickness of a single DWELL layer; A is the central wavelength of laser radiation.

QD structures overgrown in InGaAs quantum wells. Two of
these structures contained single QD layers, while the third
structure contained three active DWELL layer separated by
GaAs layers 10 nm thick each. The corresponding data are
presented in Table 1. The structures were grown by the
molecular-beam epitaxy (MBE) method on GaAs substrates
under conditions providing the self-organised growth of
InAs QDs. Individual QDs had typical diameter of the
base of about 15 nm and height of about 7 nm. The QD
density was measured with an atomic-force microscope on
parallel structures, which were not overgrown with materials
of the quantum well and upper layers. The waveguide (GaAs)
and active layers were undoped, while the Aly7Gag3As cover
layer was doped with Be from the p side and with Si from the
n side. The total waveguide thickness was 230 nm for all the
structures.

Laser diodes with the cavity length between 285 and
7800 um were manufactured from the processed structures
by cleavage. The threshold current density and optical power
of laser diodes with cavities of different length (with uncoated
ends) were measured to obtain the coefficient of inner losses
in each structure and the dependence of the mode gain on the
current density. The lowest threshold density was 21 A cm™>
in a long diode made of structure 577 with cleaved faces and
16 A cm 2 in a diode with highly reflecting coatings on its
ends. Other optical characteristics of laser diodes manufac-
tured from these structures are presented in Refs [5, 6].

3. Experimental results

To obtain the dependence of the mode gain on the injection
current density J, we measured the dependence of the thresh-
old current on the cavity length L in laser diodes with a plane
cavity. The external losses were calculated from a simple
formula (1/L)In(1/R), the Fresnel reflection coefficient R
being taken for the semiconductor-air interface. The coeffi-
cient o of inner optical losses was measured of the inverse
external differential efficiency on L, which is close to a linear
one in the region 4 mm < L < 1 mm. The lowest value of «;
equal to 1.3 cm ™! was obtained for lasers made of structure
432; for lasers made of structures 577 and 638, o was
1.5 cm™ .

Fig. 2 shows the dependences of the relative spectral den-
sity 7 of spontaneous emission and mode gain g,,,q on the
current density. The density of spontaneous emission satura-
tes already above the current density equal to 30 A cm™2. The
mode gain is also substantially saturated. The solid curves
describing these dependences were calculated using a theoret-
ical model with fitting parameters that were the same for
spontaneous emission and gain. The dependences of the
mode gain on the current for diodes made of different epitax-
ial structures are shown in Fig. 3.
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Figure 2. Dependences of the relative spectral density I of spontaneous
emission and the mode gain g,,,q on the current density for a DRWELL-
577 sample. The curves are calculated dependences.
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Figure 3. Dependences of the mode gain on the current density in QD
lasers made of three epitaxial structures (the structure numbers are shown
at the curves)

4. The gain model

4.1. Introductory comments

A detailed kinetic model involves many variables that rep-
resent concentrations of excess carriers in several states in
QDs (including the ground and excited states, neutral and
charged states), as well as in a quantum well and waveguide
layers. Here, we are interested in the stationary populations
of the electron (upper) and hole (lower) ground states, which
contribute into lasing. We will restrict our model by a com-
paratively low pump level, which is sufficient for the
complete inversion of the ground-state population. In this
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case, the detailed distribution of excess carriers over higher
energy states can be neglected.

We assume that these carriers reside in a bath (for cer-
tainty, in the electronic states in a quantum well) and can
be accumulated there in a great amount. The electrons are
captured from the bath to the upper QD state (a useful proc-
ess) or recombine with any holes (a parasitic process). The
stimulated emission in the ground-state band is caused
only by the useful process. The effective capture coefficient
C is introduced to describe the rate of the useful process
(reverse emission of the electrons to the quantum well is
also assumed but not calculated). All the recombination proc-
esses that do not contribute to the stimulated emission are
described by the effective recombination coefficient B. These
transitions are shown in Fig. 1.

The electrons captured by a QD populate the upper work-
ing state, which is characterised by a single lifetime 7. The
concentration N* of the upper working states is the most
important quantity. We assume that holes easily populate
the lower working state, so that the concentration of inverted
QDs is N*.

Thus, a positive gain is achieved when more than half the
upper states available is populated by electrons. We do not
consider the energy distribution over a broadened band of
the ground states and the deviation of QDs from neutrality
and also neglect the excess carriers in waveguide layers
(assuming that the carriers flow directly to the quantum
well). These simplifications seem to be justified for a low
pump level but they should be reexamined in the case of
an arbitrary pump level.

The gain of QD lasers has been also calculated by other
methods [7—12]. Recently, the gain of a QD laser was calcu-
lated using the empirical approximation [12]

g(J):go{lfexp{wa, ey

where g, is the maximum gain, y and J; are fitting param-
eters (y is a coefficient close to unity and Jj is the inversion
threshold). Our model based on the rate equations does not
contradict to a more general random population (RP) model
proposed in Ref. [10]. In our case, a bath containing carriers
is located in the InGaAs quantum well, and only the ground-
state population is calculated. The RP model was proposed
for the description of the excited-state population, which is
nonzero when the ground-state population is not saturated.
In our model, a parasitic recombination channel includes
recombination via the excited states, and a corresponding
choice of the parameters results in the nonzero contribution
of parasitic recombination.

4.2. Equations

We consider the rate equations for three variable concentra-
tions: the QD concentration N * in the upper working state,
the electron concentration N, in the quantum well, and the
total hole concentration Ny, in the active region. In addition,
the following parameters were used: the QD concentration
N ° in the lower working state; the total (three-dimensional )
QD concentration N; the lifetime ¢ of the upper state; the
recombination coefficient B of electrons in the quantum well
with all holes; the coefficient C of capture of electrons from
the quantum well to the QD upper state; the quantum-well
width d; and the injection current density J.

Our model assumes that N * refer to active particles, and
the decay of these particles corresponds to useful emission

and gain. The parameters N, and N, describe carriers of
both signs, which are not included into useful transitions,
whose recombination corresponds to a parasitic channel of
power losses. Here, we should note that this model allows
us to interchange N, and Ny. Therefore, we do not insist
that it is the injected electrons that are shared between the
working states (N ™) and the bath states (N.). In principle,
the injected holes can be shared in a similar way. The model
also assumes that carriers of the same kind are shared
between different states, which form competing decay chan-
nels.
The rate equations can be represented in the form

dN~ N*

——=—-"+CN,N",

dr T

dN, J o

&~ od N(CN° + BNy), 2
dn, J N*

& ed PN

We consider stationary conditions (d/dz = 0) and assume
that N* + N° = Nyq (the only electronic state). To take into
account the trend to the electric neutrality in the active
region, we also assume that N, + N* = N,,.. For convenience,
we introduce normalised variables and parameters z =
N*/qu, G= J‘r/(equd), A= 1/(C‘L'qu), and T = ’L'Bqu.
Note that z is a fraction of electrons in the upper state which
can vary from zero (completely free states) to unity (com-
pletely occupied states). For 7 fixed, a small value of T
corresponds to a highly efficient laser. It is also preferable
to have a small value of 4, because in this case, the probability
of particle capturing by QDs is great.

4.3. Solution
The stationary solution

G:z[1+ATz(1+A—2)/(1—z)2] 3)

of the system of equations (2) has the following particular
cases. For G < 1, the parameter z ~ G (linear regime) and for
G > 1, the parameter z ~ 1 (regime corresponding to the
gain saturation when the gain asymptotically approaches
its maximum value). The latter regime corresponds to a
total inversion of the ground-state levels, so that all the
QDs are in the upper state. The model takes into account
that as the current further increases, the power is spent via
other recombination mechanisms because the recombination
via the ground state is saturated.

The calculated dependences of z on the relative pump rate
are shown in Fig. 4. The value of z increases with G at small 4
and 7 up to z~ 1 and then remains almost constant for
G > 1. For large T, the curves are smoothed and z appro-
aches unity at substantially larger values of G. Note that
such behaviour is an intrinsic property of the QD population
(beyond the stimulated emission regime) and is not related to
the dynamic saturation during lasing. The equilibrium
absorption in the ground-state band is oNyy, where o is the
effective gain/absorption cross section of an individual
QD. Therefore, the optical gain changes from —agNyy for
z~0 to ~ dNy for z — 1. The dependence of the gain on
z can be written in the form

g(z) = 20Ngq(z — 0.5), ()]

and inversion takes place for z > 0.5.
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Figure 4. Calculated dependences of the relative concentration z of inver-
ted QDs on the relative pump rate for 4 = 0.005 and t = 1 ns.

We will calculate the mode gain using the waveguide
model and find the factor of optical limitation I for the quan-
tum well by assuming that the material gain g(z) produced by
a QD is related to the entire quantum-well layer. In this case,
the mode gain is

8mod(2) = I'g(2). ®)

For a single DWELL structure, the calculated value of
I' =0.0302, and for the three-layer MDWELL structure,
I'=0.0906. The dependence of the mode gain on the pump
current was then calculated from Eqns (4) and (5) by substi-
tuting z from the numerical solution of Eqn (3). The cal-
culations were fitted to the experimental results by using fit-
ting parameters o, 4, and 7.

Fig. 5 shows the calculated dependences of the normal-
ised mode gain I'g(z)/(6Nyq) on the relative pump rate.
The curve shape and the inversion threshold depend on
parameters A and 7. The gain abruptly saturates at small val-
ues of 4 and T and slowly saturates at large values of 4 and
T. The increase in these parameters corresponds to the
increase of contribution from the parasitic recombination.
Also, the dependence 1 — exp[—(G — 1)] is shown, which
was earlier used for empirical fitting experimental data
[12]. This curve describes the gain restriction with a rapid sat-
uration, but it noticeably overestimates absorption for G < 1.
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Figure 5. Calculated dependences of the relative gain I'g(z)/(6Ngq) nor-
malised to its maximum value on the relative pump rate G. 1—
exp[—(G — 1)] is an empirical curve.

5. Discussion

By fitting the experimental data by calculated curves (Figs 2
and 3), we estimated the inversion threshold and the max-
imum gain produced by the QD ground states (Table 2). One
can see that the minimum inversion threshold J, =
13 A cm™2 is achieved in laser diodes made of structure
577. As far as we know, this is the lowest threshold ever
obtained for room-temperature semiconductor lasers. This
structure provides a quite low mode gain (no more than
5.4 cm™'), so that lasing in the ground-state band is achieved
only in high-Q lasers with a long cavity or highly reflecting
coatings.

Table 2. Parameters obtained from analysis of experimental data.

Structure Jo/Alem? g femt /107 em® 4 T

SDWELL-577 13 5.43 7.17 0.2 04
MDWELL-638 25.7 17 7.21 0.5 04
SDWELL-432 50 15.6 6.89 0.5 04

Note: gmay 1S the maximum mode gain.

A minimum inversion threshold obtained for this series
of laser diodes by optimising mirrors was 16 A cm 2. A higher
gain was achieved in MDWELL-638 and SDWELL-432 struc-
tures with a high QD concentration. As the number of QDs in
the active medium increases, the inversion and lasing thres-
holds increase. By using the calculated optical limitation
factor, we determined the material gain in the quantum
well produced by ground-state transitions. This gives an
estimate of the effective gain cross section ¢ in a QD as
6.9x 107" —72x 107" cm?,

The parameters 4 and T of the kinetic model are also pre-
sented in Table 2. The coefficient C was estimated from 4 to
be (2 +0.6) x 107" em® ¢!, This corresponds to the electron
capture time of about 200 ps upon weak pumping and for
Ngg = 2.5 x 10'® cm 3. The coefficient of parasitic recombi-
nation was estimated as B = (2.6 + 0.6) x 10~% cm® s™!. This
effective value includes both radiative and nonradiative proc-
esses (upon weak pumping).

6. Conclusions

We have obtained the dependence of the mode gain on cur-
rent from the experimental dependence of the threshold
current on the cavity length in ultra-low-threshold laser dio-
des based on MBE-grown InAs/InGaAs QD structures. The
minimum room-temperature lasing threshold is 16 A cm ™.
The gain in the ground-state band in the range from 1230 to
1250 nm asymptotically tends to its maximum value corre-
sponding to the total population inversion of the working
states. The average effective cross section related to the
ground states of InAs QDs in the InGaAs quantum has
been determined from the maximum gain to be of about
7 x 107" c¢m?. We assume in this approximation that ¢ is
the cross section for the interaction of emission with an
atom-like QD and do not consider the QD volume. The
quantum well is treated as an active medium containing
QDs at a certain concentration.

Our theoretical model describes the gain as a function of
current. It provides good agreement with experimental data
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on the gain and allows us to find important parameters of the
InAs QD such as the minimum inversion threshold (~ 13
A cm™?) and the capture coefficient C for the carriers relax-
ing to the ground state (~ 2 x 107 cm® s™'). We believe that
this model is adequate for the description of the low-pump
level regime (below the total inverse population of the ground
states).
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