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The relative contributions of the photon and thermal coupling mechanisms to the behavior of self-assembled
InAs/GaAs quantum dot lasers are studied. A theoretical model, which takes into account a photon coupling
process between the ground and first excited states of different sized dots, is proposed to fully explain the
temperature dependence of the threshold current density (Jy,) of both undoped and p-doped lasers. The simu-
lation results suggest that the carrier distribution between the different energy states in a dot is modulated by
the intradot thermal excitation of carriers. This process, when combined with the photon coupling mechanism,
can account for the negative characteristic temperature (7;) appearing in different temperature ranges for
undoped and p-doped devices. Thermal coupling, which involves thermal carrier escape and recapture among
different dots, has also been studied. Below threshold, thermal coupling is found to be significant but is
weakened as threshold is approached because of the decreased carrier lifetime. Near and above threshold, the
photon coupling mechanism is important and can be used to model the different temperature behaviors of the

lasing spectra observed experimentally for the undoped and p-doped lasers.
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I. INTRODUCTION

In the early 1980s, a three-dimensional confinement struc-
ture, which was initially named a “quantum box”, was theo-
retically proposed to eliminate the temperature dependence
of the lasing threshold in semiconductor devices."? Since the
1990s, the use of strain-induced self-assembled quantum
dots (QDs) has made it possible to form defect-free, three-
dimensional confinement structures suitable for application
in semiconductor lasers.> The first demonstration of a QD
laser based on self-assembled QDs was reported by Kirs-
taedter et al. in 1994.* Following initial results, the perfor-
mance of QD lasers was improved considerably, with a sig-
nificantly lower threshold than for quantum well lasers
achieved by many groups.>’ However, due to the existence
of several nonideal factors, for example, finite-potential
barriers,’ excited QD states (ES),® and inhomogeneous
broadening of the optical transitions,’ the threshold current
density (Jy,) of present self-assembled QD lasers exhibits
characteristic temperatures (7)) departing significantly from
the infinite value predicted for an ideal QD laser.!

A negative T, (a decreasing threshold current with in-
creasing temperature) has been typically observed in un-
doped QD lasers at low temperatures (<200 K) and has been
explained by a thermal coupling model (or thermal redistri-
bution model) involving a transition from a nonequilibrium
to an equilibrium carrier distribution within the QDs of the
ensemble.”!? Evidence for this carrier thermal coupling pro-
cess has been provided by photoluminescence (PL) spectra
exhibiting two unusual behaviors with increasing tempera-
ture: (1) a spectral linewidth narrowing'"'? and (2) a wave-
length redshift in addition to the normal redshift arising from
the band gap shrinkage.'>'* Additional evidence for spectral
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linewidth narrowing has been obtained from the observation
of thermal broadening phenomenon in laser emission spectra
at low temperatures (<200 K).!> By comparing the
temperature-dependent threshold current and laser emission
spectra of two QD lasers with different barrier heights, fur-
ther evidence has been obtained supporting the thermal cou-
pling model.'® Theoretical analysis of this behavior has also
been undertaken based on two major models: the master
equation model'”!8 and the rate equation model.'” However,
although the thermal coupling model is able to successfully
explain the negative T, the mechanism responsible for the
low-temperature broadening of the laser emission spectra is
still the subject of much debate. A possible problem with the
thermal coupling model is whether interdot carrier transfer is
sufficiently fast in comparison with the short carrier lifetime
near threshold.?®?! Moreover, the additional wavelength red-
shift phenomenon has only been observed in PL and has not
yet been reported for laser emission spectra.

To improve the T}, value at and above room temperature
(RT) in 1.3 wm emitting QD lasers, p-type modulation dop-
ing has been incorporated with the aim of reducing the ef-
fects of hole excitation out of the lasing state.”>?3 A very
high or even infinite 7, has been demonstrated using this
approach.?*-2 Further improvement of the room-temperature
performance of 1.3 um emitting QD lasers was reported
recently?’-?® using a combination of p-type modulation dop-
ing and high-growth-temperature GaAs spacer layers placed
between the QD layers.??3? In this and other work,” an in-
finite or negative T}, has been reported, extending to tempera-
tures as high as ~50 °C.

While the reduction of hole excitation out of the lasing
state should improve T, it cannot explain an infinite or nega-
tive value, and hence other possible mechanisms have been
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considered. Experimental results from a measurement of the
turn-on delay time and the unamplified spontaneous emission
have been interpreted in terms of a decrease in both the non-
radiative Auger and radiative recombination of the QDs, and
this has been proposed as the process responsible for the
infinite or negative T, around RT.>>3! However, possible
physical mechanisms for these effects are unclear. Alterna-
tively, it has been proposed that the decrease of the threshold
current density results from an interdot carrier thermal redis-
tribution, which still occurs around RT in p-doped structures
because the positive charged QDs, a result of the extrinsic
holes, increase the confinement energy for electrons. Re-
cently, a thermal redistribution delayed to ~270 K in a
p-type QD laser has been observed by measuring the gain
spectra at the transparency point>> and by the behavior of
low-injection current EL spectra.’® These results have been
interpreted as evidence for the translation of the thermal car-
rier redistribution induced negative T region to higher tem-
perature in p-type-doped devices. However, the thermal-
carrier redistribution process is a one-way effect with
increasing temperature (the thermal redistribution can only
increase with increasing temperature) and hence cannot ex-
plain the observation of a positive 7}, in p-doped QD lasers at
low temperature, a region where a negative 7, exists in un-
doped QD lasers. In addition, our previous work suggested
that a thermal-carrier redistribution process cannot solely ex-
plain the behavior of the temperature-dependent PL and the
laser emission spectra.”® To fully explain the different tem-
perature behaviors of p-doped and undoped QD lasers, a
photon coupling model has been developed.”®

The purpose of this paper is to study the relative contri-
butions of the thermal coupling mechanism (TCM) and the
photon coupling mechanism (PCM) to the behavior of self-
assembled QD lasers. A theoretical model which includes
both the TCM and PCM is developed to explain the various
experimental observations reported for QD lasers. The line-
width and emission wavelength of the temperature-
dependent optical spectra, both below and above threshold,
have been investigated experimentally and simulated using
our model. Via a detailed comparison between p-doped and
undoped devices, we find that although the TCM model can
explain some of the experimental behavior, the PCM pro-
vides a better description of the full range of experimental
data. Our main conclusion is that the TCM is dominant for
subthreshold behavior, whereas the PCM makes a major con-
tribution to both the threshold performance and lasing behav-
ior.

The paper is organized as follows: We first describe the
samples and the experimental details in Sec. II. In Sec. III,
we present the theory developed to describe the temperature
behavior of QD lasers. In Sec. IV, we discuss the relative
contributions of the TCM and PCM. Finally, we summarize
our conclusions in Sec. V.

II. EXPERIMENTAL DETAILS

Both p-type modulation doped and undoped QD laser
structures were grown by molecular beam epitaxy in an Ox-
ford Instruments VOOH system. The p-type modulation
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FIG. 1. A schematic diagram of the p-type modulation doped
QD laser structure.

doped device consists of five layers of InAs QDs, each
grown within an 8 nm Inj ;5Gaj gsAs quantum well to give a
dot-in-a-well (DWELL) structure.”> Each DWELL is sepa-
rated by 50 nm GaAs spacer layers. These dot and well pa-
rameters have been shown to optimize the optical properties
of the InAs QDs.** In the GaAs spacer layer, 6 nm of GaAs
is doped with Be at a level 1.0X 10" cm™, with the doped
layer separated from the DWELL by 9 nm of undoped GaAs.
This doping density results in approximately 15 acceptors
per QD. An identical structure but with undoped spacer lay-
ers was grown for comparison. The growth temperature was
510 °C for the In-containing layers. Following the InAs QDs
and the InGaAs well, the initial 15 nm of the GaAs spacer
layer (SPL) was deposited at 510 °C, following which the
temperature was increased to 580 °C for the remainder of
the GaAs SPL. This low-to-high growth temperature step is
critical for the growth of high quality structures without pro-
ducing a shift in the wavelength from the required
1.3 um.?®3 The active region was grown at the center of an
undoped 150 nm GaAs/AlGaAs waveguide with n-type
lower and p-type upper cladding layers consisting of 1.5 um
Al 4Gay ¢As deposited at 620 °C. A heavily doped 300 nm
p*-GaAs contact layer completed the growth.

Shallow ridge waveguide lasers, as shown in Fig. 1, were
fabricated by a SiCl, inductively coupled plasma technique,
with etching below the p-doped AlGaAs cladding layer. La-
ser cavity lengths were 3 mm with as-cleaved facets. Laser
characteristics were measured under pulsed injection
(5 ws,10 kHz) from 60 to 380 K. The heavily doped p* top
layer was etched off in PL test structures as it is strongly
absorbing at the emission wavelength of the QDs.

The temperature dependence of Jy, for both the p-doped
and undoped lasers is plotted in Fig. 2. The inset shows laser
emission spectra recorded at RT for an injection current 1.1
times the threshold current. The peak wavelengths of the
laser emission are 1289 and 1302 nm for the undoped and
p-doped devices, respectively. For the undoped QD laser, the
threshold current density decreases with increasing tempera-
ture between 130 and 220 K, resulting in a negative T;.'
Above ~220 K, Jy, increases gradually with increasing tem-
perature, with a more rapid increase occurring above 320 K.
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FIG. 2. Measured threshold current densities for both the
p-doped and undoped lasers as a function of temperature. The inset
shows laser emission spectra measured for a current /=1y, X 1.1 at
RT for both devices.

For the p-doped laser, the threshold current density initially
increases gradually up to 200 K. Above 200 K, a negative 7,
occurs between 220 and 320 K (-50-50 °C). This is fol-
lowed by an abrupt increase above 320 K. A threshold cur-
rent density of 48 A cm™ is achieved at RT for the p-doped
structure.

III. THEORY

A. Thermal coupling mechanism and photon coupling
mechanism

Figure 3 shows a schematic diagram of both the TCM and
PCM in self-assembled QD lasers. In the thermal coupling
process, carriers in smaller dots, which are assumed to have
higher energy levels, are thermally excited into the barriers
and are captured into larger dots which are generally those
involved with the lasing. These additional carriers may in-
crease the peak intensity of the optical spectra and hence the
maximum gain for a given injection level. The concentration
of carriers into one subset of QDs at high temperatures, com-
pared to a uniform population at low temperatures, has been
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FIG. 3. Schematic diagrams of the thermal coupling mechanism
(TCM) and photon coupling mechanism (PCM).
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suggested as an explanation for the decrease of Jy, in QD
lasers as the temperature is increased.

Thermal coupling is a nonideal process resulting from the
finite-potential barriers and the inhomogeneous broadening
of the optical transitions. If the gain spectrum of a QD laser
was dominated by the TCM, as shown in the left part of Fig.
3, three physical effects should be observed with increasing
temperature and hence coupling: (1) a spectral linewidth nar-
rowing, (2) a spectral intensity increase, and (3) a redshift of
the emission maximum in addition to the normal redshift
arising from band gap shrinkage. Thermal coupling is a
monotonic process and can only increase with increasing
temperature.

In the photon coupling process, we first assume that pho-
tons generated by the QDs can be either amplified or ab-
sorbed by transitions from both the ground state (GS) in
similar sized dots and the excited state (ES) of larger dots;
this process requires the presence of a distribution of QD
sizes, which is unique to self-assembled quantum dot sys-
tems in that the optical properties comprise an inhomoge-
neous distribution of discrete states. Absorption or amplifi-
cation occurs between GS and ES transitions, which are
separated by less than the homogeneous broadening, AI'},,.3°
Consequently, the total modal gain is the sum of the GS and
ES gains at the relevant energy.

To re-emphasize the main physics of this model, the ES
from larger dots which lie within the homogeneous broaden-
ing of the energy of the GS lasing transition contributes to
the gain or loss at the lasing wavelength. This effect initially
appears insufficient to affect the threshold current density.
However, the GS gain usually saturates at about one-third of
its possible maximum value around RT.3” At any tempera-
ture, the threshold gain will be close to this value, while the
ES gain can vary over a wide range, from almost the maxi-
mum ES absorption a,,, to the threshold gain gy as the
thermal-carrier population of this state changes. Because the
maximum ES absorption a,,,, is typically of order twice the
maximum gain of the GS, the contribution from the ES tran-
sition at the lasing energy can be significant. As the energetic
spacing of the hole levels is believed to be of the order of a
few meV, compared to many tens of meV for the electrons, it
is the thermal excitation of holes which is expected to make
the major contribution to this process.3® The right-hand side
picture in Fig. 3 is plotted with parameters used in the fol-
lowing numerical simulations and with a maximum ES ab-
sorption at the lasing wavelength, . It is seen that with
these parameters, a significant contribution from the ES oc-
curs at the lasing wavelength.

The PCM is a nonideal process resulting from the exis-
tence of the ES levels and the inhomogeneous broadening of
the discrete optical transitions. If the gain spectra of a QD
laser were dominated by the PCM, as shown in the right
hand side picture in Fig. 3, two effects should be observed
with increased coupling, namely, (1) a spectral intensity de-
crease, which is due to the ES absorption at the lasing wave-
length, and (2) a wavelength redshift, which is due to the
asymmetry of the ES distribution around the lasing wave-
length. For the PCM, either a coupling increase or decrease
is possible with increasing temperature, reflecting either in-
creased ES occupation by carrier excitation from the GS or
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decreased ES occupation due to carrier escape to the barriers.
When the coupling decrease in the PCM presents with in-
creasing temperature, a spectral intensity increase and wave-
length blueshift should occur.

Within both models, a negative T, indicating a decrease
of Jy, should be reflected by an increase in the optical spec-
tral intensity at the lasing wavelength. If we compare the
main features of the TCM and PCM, a negative 7, indicates
a coupling increase in the TCM, which should be accompa-
nied by a wavelength redshift. In contrast, a negative T, re-
quires a coupling decrease within the PCM, and this should
be accompanied by a wavelength blueshift. Therefore, from a
study of the temperature-dependent peak wavelength of the
laser emission, it should be possible to deduce the relative
importance of the TCM and PCM.

An additional means by which the relative contributions
of the TCM and PCM can be investigated is via their tem-
perature dependence over a wide temperature range. The
TCM is a monotonic process which can only result in an
enhanced effect with increasing temperature. Therefore, this
mechanism can only account for a negative 7, and not a
positive T,. When using the TCM to explain the negative 7,
in both p-doped and undoped devices, a significant delay in
the critical temperature for the onset of the thermal redistri-
bution of carriers needs to be assumed for the p-doped de-
vices. In addition, the TCM cannot explain the positive 7,
observed at low temperatures in p-doped devices (see Fig.
2). Such behavior requires the introduction of an entirely
different process, for example, increased Auger
recombination.?> However, at present, this is an entirely phe-
nomenal explanation,’? with the physical mechanism respon-
sible for an increasing Auger recombination unknown.

The PCM, however, can either be enhanced or reduced
with increasing temperature. Hence, by appropriately apply-
ing this model, both the negative 7|, and the positive T}, be-
haviors of a p-type modulation doped laser can be explained.
In analysis the temperature behavior of the PCM, we intro-
duce a second assumption that the thermal excitation of holes
to higher QD energy levels occurs at lower temperatures than
for electrons. This is a consequence of the more closely
spaced hole levels. It is assumed that there are two critical
temperatures, 7), and 7,, at which hole and electron thermal
excitation to higher energy levels starts to occur. The second
assumption requires that 7),<T,.

For p-doped lasers, a large number of holes are released
into the hole states of the QDs. Below 77, the hole ES is fully
occupied®® and hence the ES absorption &5 in Fig. 3 is
blocked. Between T}, and T,, the hole occupancy of the ES
decreases due to thermal excitation to higher hole levels. As
a result, state blocking of the ES absorption decreases and
hence there is an increase in Jy;,, which causes a positive 7T,
below T,. Above T,, due to the thermal excitation of elec-
trons into the ES, absorption by the ES transition is increas-
ingly blocked, resulting in a decreasing Jy;, and a negative 7,
value at RT. This decrease in Jy, continues until carrier exci-
tation to states in the barrier, followed by recombination in
the barriers, and becomes significant, resulting in the ob-
served abrupt increase in Jy. In contrast, for the undoped
laser, below T}, the electron and hole ESs are essentially
unoccupied, so there is a strong ES absorption at the lasing
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wavelength. Above T),, the ES absorption is gradually
blocked by the thermal excitation of holes from the GS, re-
sulting in a decrease of Jy, (there is no parasitic recombina-
tion via the ES because there are no electrons in this state)
and the observed negative T\ at low temperatures. Above T
the ES absorption continues to be blocked, but recombina-
tion via the ES is now possible, resulting in a weakening of
the decrease of Jy;,. Eventually, excitation to the barriers be-
comes significant and Jy, starts to increase. Hence, the PCM
is able to predict the occurrence of a negative T, over very
different temperature ranges for undoped and p-doped QD
lasers.

The PCM can also explain reports of a decrease in both
the nonradiative Auger recombination’! and radiative
recombination?® with increasing temperature via the pre-
dicted decrease of the GS occupancy. In addition, the in-
crease of the nonradiative Auger recombination at low tem-
peratures, which has been reported in some studies of
p-doped lasers,?® can be explained by the GS carrier density
increase required to keep a constant g,;, when the ES absorp-
tion increases in the p-doped device.

B. Rate equations

To theoretically investigate the relationship between the
TCM and PCM, a theoretical model which can describe both
the mechanisms has been developed. In Ref. 28, we de-
scribed a rate equation model to study the PCM assuming an
equal distribution of carriers within different QDs. In this
work, we have further divided the QDs into subgroups. If we
label different QD subgroups with j=1,2,...,J, assuming an
equal distribution of carriers within each QD subgroup, the
rate equations for electrons can be written as follows:

on
TR Rl
a  qV, i
- MLEST 1
1%17(‘/ Ti VaEy i ) ( )
(9 ’ . w,
R/ R —R)-—E5_ T @hsS,
0.‘ ( Cap erc) ( rel — ex) 7JES Vd,mE,, d thS
(2)
Mo _ gy, k)" ST ks, )
rel — Mex _*_ dum GS'
ot 7JGS Vdols v

where n,=2,_, ,(V;/V,)n; represents the normalized summa-
tion of electron densities in the well and barrier; ”{Es and n{;S
are the electron densities in the ground and excited states; [ is
the injected current, 7, 7, 7;’9 , and 7 are the carrier life-
times in the different regions; I, I, and I, are the opti-
cal confinement factors; g, g, g’éS, and gés are the material
gains of the barriers, wells, and ground and excited states;
Vs Vi Vi V{,m are the volumes of the active region, barri-
ers, wells, and the j,, subgroup of dots; L is the cavity length;
and S represents the summation of the forward and backward
propagating light densities: (S*+S7). S* obey the propagation
rate equations:
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where G.=X jzizb,w,GS,ESFig{ —a is the coupled optical modal
gain, which describes the photon coupling process between
the GS and first ES. We simply assume the same optical
losses in different energy regions.

The second assumption of the PCM model is that the
thermal excitation of holes to higher QD energy levels oc-
curs at lower temperatures than that for electrons. In the
numerical model, the hole distribution in the valence band is
assumed to obey the Fermi-Dirac statistics above 80 K,
whereas the electron distribution in the conduction band is
determined by dynamical processes as described by the car-
rier rate equations (1)—(3). Charge neutrality is ensured by
the following equation, which must be satisfied in each re-

gion of the device:
Vi
<_>”i:P—PAa (5)

= 3 (2

i=w,b,dots

where V; and n; are the volume and electron densities for the
barriers, wells, and dots, and p, is the density of acceptors.
We simply assume that all holes released from the Be impu-
rities are captured into the dots, well, and barrier regions.

C. Gain and spontaneous emission

The modal gain of the QDs is described by*’

A 1 x; me ’hN
o) = TN ot Pl P 1)

hv Vocen,ggmyJ

XGIE")L(hv,E')dE', i=GS.ES, (6)

where y;=2 and 4 give the degeneracy of the ground and
excited states, respectively, V,, is the single dot volume, N, is
the dot layer number, 7, is the refractive index, M, is the
wave function overlap, My is the Bloch matrix element, f°
and f¥ are the occupation factors of the electron and hole,
G{(E) is the Gaussian distribution function given by

(E-E})?

2
20;

G{(E): ; exp{— }, i=GS,ES, (7)

where o; is the width of the Gaussian distribution, and
L/(hv,E) is the Lorentzian line shape given by

ﬁrcuz
i=GS,ES, (8)

L(hv,E) = (E=hv)*+ (AT ,,)*

where I, ; is the carrier polarization dephasing rate.
The modal gains of the InGaAs wells and GaAs barriers
are calculated as

g(v)=Tap(fi +fi - 1),

where g; is the gain coefficient and p; is the reduce density of
states.

The spontaneous emission coupled into different wave-
lengths in Eq. (4) can be defined as*!

i=w,b, 9)
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FIG. 4. A schematic diagram of electron transport processes in
the conduction band of a quantum dot laser.

R,(=2 X EJ@Av, (10)

j i=bw,GS.ES

where Aw is the frequency separation between the cavity
modes and E, is the rate per unit length of stimulated emis-
sion, which can defined as follows:

fifi

EY(p J()—2L i
V() =glw) e

i=w,b,GS,ES. (11)

D. Carrier transfer process

Carrier transfer processes are defined in Fig. 4. The rate of
carrier capture from the InGaAs wells into the dots is de-
scribed by*?

_ nw(l —f;ié)

Teap

RJ

cap —

(12)

where fgg is defined as ij :n{ESVO/ Xes- The rate of carrier
escape from the dots into the InGaAs wells is described by

J 1-
R, = E0) (13

Tesc

where 7, is defined as 7,,=17,, exp((E,,— E)/kT),*> with
E,—Ejg denoting the energy difference between excited
states and the InGaAs well band edge. The rate of carrier
relaxation from the excited states to the ground state is given
by

R _”]és(l —fjés), (14)

rel —
Trel

where fl¢ is defined as fo=n%V,/xgs- The rate of carrier
excitation from the ground state into the excited states is
given by

Rl =" TE), (15)

TCX
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where 7, is defined as 7=, exp((Els—EL¢)/kT), with
El.—E/;, denoting the energy difference between the ground
state and excited states.

E. Bimodal grouping of dot distributions and simulation
results

An obvious method for grouping the dots is to divide
them into subgroups based on their emission wavelength.
However, the main behavior difference, which can distin-
guish between the TCM and PCM, is an opposite wavelength
shift of the emission in a negative T, temperature region. The
wavelength shift is likely to be very small, about 10 nm over
the full temperature range. To simulate the wavelength shift
accurately using relatively small temperature steps, for ex-
ample 20 K, a huge number of dot groups would need to be
taken into account. This would be very computer intensive
and so simplifications have to be found.

In this work, we divide the dots into two groups, each
with a Gaussian distribution of energy levels. This implies
J=2. These two groups reflect a bimodal distribution of QDs,
which has been observed in many of our samples and in
other reports.’>* Based on an atomic force microscopy
analysis of our samples, we have assumed that a second dis-
tribution of QDs exists, which contains ~10% —30% of the
total number of QDs and represents QDs with a slightly
smaller size. Although this bimodal grouping of the dot dis-
tribution may somewhat underestimate thermal effects within
the same dot subgroup, it can successfully describe the con-
tinuous change of the spectral wavelength with increasing
temperature while significantly saving on computational
time.

The parameters used in the simulations presented in this
paper are as follows. The dot density is pgy,=4.3
X 10'° cm™2, the height of the dots is /,,,,=6 nm, and the
width of the dots is wy,,,=15 nm. The cavity length is L
=3 mm, the width W=10 wm, and the thickness d=0.4 um.
The width of the Inj5GajgsAs well is d,,=8 nm, the width
of the p-doped layer d,=6 nm, and the distance between
these two layers d,,,=9 nm. Optical confinement for the bar-
riers is I,=0.06, for the wells I,=0.01, and for the dots
I4,;s=0.0008. The QD layer number is N;=5. The facet re-
flectivity is R;=R,=0.3, optical loss a=2 cm™!, and refrac-
tive index n,=3.3. The homogeneous broadening is assumed
to have a Lorentzian form with #1.,=6 and 12 meV for the
GS and ES, respectively. Within the models used, it is found
that the lasing threshold is relatively insensitive to the homo-
geneous broadening. Hence a constant, temperature-
insensitive homogeneous broadening is assumed, although
experimentally, it has been shown that the homogeneous
broadening does increase steadily over the temperature range
considered in the simulations.*>*® A Gaussian inhomoge-
neous broadening is assumed with values ogg=16 meV and
o5s=30 meV for the GS and ES, respectively. The same
broadening is used for both subsets of QDs. The density of
acceptors for the p-doped device is p,;=1.5X10'8 cm™. We
assume that all holes from the Be impurities are ionized into
the barriers. The band gap of the GaAs barriers is Ei,’
=1.424 eV, and the band gap of the Inj,5GajgsAs well is
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FIG. 5. Simulated temperature dependence of the threshold cur-
rent densities for both the p-doped and undoped lasers. The inset
shows the results of the simulation without the inclusion of the
photon coupling process.

1.19 eV. In the simulation, only the electron ground state and
the first excited state are included, whereas three hole levels
are included. The separations of the electron and hole states
are taken as 53 and 15 meV, respectively. The separation of
the central energies of the two bimodal QD subsets is taken
as 34 meV. It is assumed that 20% of the dots are in the
second smaller size subset.

Figure 5 shows the results of the simulation of the tem-
perature dependence of Jy, for both the p-doped and undoped
devices. These were obtained using the theoretical approach
discussed above. A negative T, is predicted between 220 and
320 K for the p-doped laser. In addition, a negative T} is
predicted for the undoped laser below 200 K. The results of
the simulation show good agreement with the experimental
results presented in Fig. 2. The inset of Fig. 5 shows the
results of a simulation performed without the photon cou-
pling process, obtained by simply ignoring the ES gain in the
rate equation model. Only a very weak negative T, behavior
is predicted in the temperature range from 140 to 220 K for
the p-doped device, and 80—120 K for the undoped device.
This negative T, results entirely from the TCM and is sig-
nificantly weaker than the experimentally observed behavior.
In addition, the low temperature positive 7,, behavior ob-
served for the p-doped device is only reproduced when the
PCM is included in the simulations.

The temperature dependence of the peak GS gain, nor-
malized to the threshold gain, for an injection current /=1y,
X 1.1 is plotted in Fig. 6. The total optical gain, which is the
sum of the GS gain and the ES gain at the lasing wavelength,
equals the threshold gain at an injection level just above
threshold. The normalized ES gain at the lasing wavelength
will, therefore, be 1 minus the normalized peak gain of the
GS (a small wavelength shift of the peak gain is neglected
here). For the undoped device, the ES contribution at the
lasing wavelength gives a strong absorption of —0.26g, at
80 K (hence the normalized GS gain has a value greater than
1), but with increasing temperature, it increases and eventu-
ally saturates to a positive value =~0.16g, above 200 K. For
the p-doped device, the ES gain at the lasing wavelength is

085315-6



EFFECTS OF PHOTON AND THERMAL COUPLING...

—O— undoped
—A— p-doped

Peak gain of ground states
(normalized by threshold gain)

0.8 T T T T
100 200 300 400

Temperature (K)

FIG. 6. Simulated maximum gain of the GS transition as a func-
tion of temperature. The gain is calculated for an injection current
of I, X 1.1 and is normalized to the threshold gain.

zero at 80 K, corresponding to full Pauli blocking of the
transition. With increasing temperature, the ES gain de-
creases to an absorption value of —0.1g,, at 200 K, followed
by an increase and saturation to a positive value =0.16
X g, above 350 K. These calculations confirm the first as-
sumption of the photon coupling model that the ES gain at
the lasing wavelength can make a significant contribution to
the total gain and can hence have a significant effect on the
performance of the laser device.

The electron and hole occupancies of the ES for both
devices are calculated as a function of temperature in Fig.
7(a) for an injection current I=1y X 1.1. For the p-doped la-
ser, below 200 K, the hole occupation of the ES decreases
due to intradot thermal excitation to higher confined states.
This gives an increase in the ES absorption, as shown in Fig.
6, and hence a positive T,,. Above 200 K, the electron occu-
pation of the ES increases due to intradot thermal excitation
from the GS to the ES. This gives a decrease in the ES
absorption and hence a negative Ty near RT. In contrast, for
the undoped laser, below 200 K, there is a strong increase in
the electron occupation of the ES. As a result, a decrease of
the ES absorption and a negative 7|, occur. The hole occupa-
tion level fluctuates very weakly in the undoped device be-
cause an equilibrium carrier distribution (Fermi-Dirac statis-
tics) is assumed; this may slightly underestimate the holes’
behavior at very low temperature (~100 K). Figure 7 reveals
that, compared to the undoped device, the intradot thermal
excitation of electrons into the ES is delayed in the p-doped
device and this results in the negative Ty appearing in a dif-
ferent temperature range for the two devices. In addition, the
intradot thermal excitation of holes into the ES accounts for
a positive T, appearing at very low temperatures in the
p-doped device.

To investigate the reason why the excitation of electrons
in the p-doped laser is delayed to higher temperatures, the
electron and hole occupancies of the GS for both devices are
plotted as a function of temperature in Fig. 7(b). When the
carrier occupation factors for both holes and electrons are
summed, a similar behavior to that exhibited by the gain, as
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FIG. 7. Simulations of (a) the ES and (b) the GS carrier occu-
pancies, for an injection current /=1y, X 1.1, as a function of tem-
perature for both the undoped and p-doped QD lasers.

shown in Fig. 6, is obtained. However, the electron occupa-
tion factor is lower in the p-doped device over the tempera-
ture range below 300 K. This is because the extrinsic holes
in the QDs (see the hole occupation factor) result in fewer
electrons being required to reach gg. This reduced electron
occupation decreases the excitation rate over the same tem-
perature range because the intradot excitation of electrons is
proportional to the electron density in the GS according to
Eq. (15). Therefore, the onset for electron excitation out of
the GS is shifted to higher temperatures. In addition the
simulations show that the total GS occupation factor for both
electrons and holes is approximately 1.35 for both devices
over the temperature range studied. Referring to the expres-
sion for the gain in Eq. (6), the factor (f*+/*—1) = 0.35 at
threshold, which is near 1/3 of its maximum possible value
(=1.0). Hence, the GS threshold gain is approximately 1/3 of
the maximum gain, in agreement with the experimental re-
port in Ref. 37. This finding also explains why the ES ab-
sorption is significant in the simulations shown in Fig. 6.
From Figs. 5-7, it can be seen that the value of T, (the
temperature where significant hole excitation out of the GS
starts to occur) is less than 80 K for both the undoped and
p-doped QD lasers; this is below the regime where the nega-
tive and positive Ty behavior, start to occur for the undoped
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FIG. 8. PL FWHM for both the p-doped and undoped QD lasers
as a function of temperature. The inset shows lasing spectra of the
p-doped and undoped QD lasers for a number of different tempera-
tures. The lasing spectra were recorded for a current I(7)=1y(T)
X 1.1.

and p-doped device, respectively (see Fig. 2). T, has a value
near 200 K for the p-doped device and is about 100 K for
the undoped device, where the occupation factor exceeds a
certain value (~0.2). These results indicate that the photon
coupling process, modulated by the delay of the intradot ex-
citation, is the main reason why the negative 7|, region ap-
pears at very different temperatures for the two devices. The
results described in this section suggest that the PCM can be
applied to explain the temperature dependence of J, in both
p-doped and undoped QD lasers.

IV. FURTHER RESULTS AND DISCUSSIONS

A theoretical model and numerical simulations have been
applied to explain the very different temperature-dependent
Jin behaviors of both undoped and p-doped QD lasers. Quan-
titative changes in the spectral intensity, which are respon-
sible for the negative or positive T}, have been analyzed. The
PCM has been shown to provide a more complete descrip-
tion than the TCM in explaining the temperature dependence
of Jy, over the full experimental temperature range. However,
two other processes, spectral linewidth narrowing and a
wavelength redshift, both of which have been demonstrated
as experimental support for the TCM,'!-!# have not yet been
considered. In this section, these phenomena are studied,
both below and above threshold, to further test the predic-
tions of the TCM and PCM.

A. Spectral linewidth narrowing

The full width at half maximum (FWHM) of the PL spec-
tra for the undoped and p-doped structures is plotted in Fig.
8 as a function of temperature. The FWHM of the p-doped
structure is 2—4 meV larger than that of undoped structure,
but the temperature range over which there is a rapidly de-
creasing FWHM is similar in both structures, from
100 to 180 K. Above this temperature range, the FWHM of
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the p-doped structure fluctuates near 35 meV, whereas the
FWHM of the undoped structures slowly increases from
32 to 34.5 meV, between 180 and 300 K. Although the
minimum of the PL linewidth is shifted to higher temperature
in the p-doped device, the behavior is not fully consistent
with the TCM. In particular, when compared to the tempera-
ture dependence of Jy, in Fig. 2, the PL linewidth of the
p-doped device reaches a minimum at a temperature
(~260 K) below the temperature minimum of Jy
(~310 K). In addition, at low temperatures between 100 and
180 K, although both devices exhibit a PL linewidth narrow-
ing, their threshold current densities change in opposite di-
rections. These experimental observations do not support a
complete quantitative agreement between the TCM and tem-
perature behavior of the PL linewidth. To further study these
processes, the temperature dependence of the laser emission
spectra was studied. The inset of Fig. 8 shows typical laser
emission spectra recorded for an injection current density of
1.1 times Jy;,. The lasing spectra exhibit a gradual narrowing
with increasing temperature. This narrowing is similar for
both devices, which suggests a similar temperature depen-
dence of the homogeneous linewidth.

Hence, neither the PL nor the lasing spectra provide con-
clusive evidence for the TCM occurring in different tempera-
ture regions for the undoped and p-doped lasers. Moreover,
although the broadening of the laser emission spectrum of
both devices is observed at low temperatures, the linewidth
of the p-doped laser is narrower than that of the undoped
laser, whereas the PL linewidth of the p-doped structure is
broader. This difference may indicate that the spectral broad-
ening mechanisms are intrinsically different in PL and lasing.
As suggested above, linewidth narrowing of the PL with in-
creasing temperature results from a carrier thermal redistri-
bution between QDs, whereas the linewidth of the laser
emission spectra is determined by the homogeneous broad-
ening of the optical gain. It should also be noted that the
lasing spectra of the p-doped device are much narrower than
those of the undoped device for temperatures above 77 K,
indicating a larger homogeneous linewidth for the p-doped
device.

B. Thermal redistribution with different injections

As discussed above, the broadening of the lasing spectra
at low temperatures may result from the homogeneous
broadening of the optical gain, rather than effects related to
the TCM. One possible reason for this is that the contribution
from the TCM is reduced as the injection current approaches
threshold. To study this behavior, the thermal redistribution
of carriers between the two QD subsets for different injection
levels has been calculated. A thermal coupling factor Kermal
is introduced to describe the degree of TCM, as shown in
Fig. 9. For a bimodal distribution of dots,

2
nGs
Kihermal = 1 - (16)
ngs
The dotted line in Fig. 9 indicates Kyemaq=1 and corre-
sponds to an equal distribution of carriers within the two
subsets of dots.
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FIG. 9. The temperature dependence of the thermal coupling
factor Kyermar for the p-doped QD laser and different current injec-
tion levels. The inset shows the definition of K ermal-

Figure 9 shows the temperature dependence of the ther-
mal coupling factor for the p-doped QD laser calculated for
different levels of injection current from /=1 mA to I
X 1.1. For a current of 1 mA, Kyema decreases from 1.0 at
100 K to a minimum value of 0.48 at 280 K; this reflects a
thermal redistribution process between the two subsets of
QDs. Almost half of the carriers in the second, smaller subset
of dots are thermally excited into the barrier and some of
these are recaptured into the first subset of larger dots. How-
ever, with increasing current, the thermal redistribution pro-
cess weakens significantly, with a minimum K¢, of 0.9
achieved at 250 K for a current of /X 1.1. This value for
currents just above the threshold suggests that the TCM is
less significant at and above threshold in the p-doped device.
In Fig. 10, the thermal coupling factor for the undoped QD
laser is plotted. At a current of 1 mA, Ky,erma decreases from
1.0 at 100 K to a minimum value of 0.52 at 220 K. Again,
the strength of the thermal redistribution process is reduced
significantly for a current of [y, X 1.1. The reason for this
decreasing strength of the thermal redistribution process as
the current approaches threshold is because the faster carrier
recombination rate reduces the fraction of carriers able to
escape from the subset of smaller QDs before radiative re-
combination occurs.

In the low-temperature regime below 200 K, it can be
seen that the thermal coupling factor can reach a value
greater than 1.0. A value greater than 1 reflects strong carrier
spectral hole burning, which occurs at low temperatures near
100 K due to blocked carrier excitations, as described in Eq.
(15) by the exponential factor 1/exp((Egs—Egs)/kT) with a
very small value of k7. This blocked carrier excitation may
be responsible for a slower polarization dephasing rate, as
well as a broader laser emission spectrum, which has been
previously discussed in relation to the homogeneous broad-
ening model.?? The results of Figs. 9 and 10 indicate that
while the TCM is an important process for injection levels
below threshold, its importance is less at and above thresh-
old.

A comparison of Figs. 9 and 10 indicates that the critical
temperature of the TCM is different in the p-doped and un-
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FIG. 10. The temperature dependence of the thermal coupling
factor Kermar for the undoped QD laser and for different injection
levels.

doped devices. At an injection current of 1 mA, the critical
temperature is 280—300 K in the p-doped device and 220 K
in the undoped device. These temperatures agree very well
with experimental studies of a TCM delayed by ~70 K in
the EL results of Refs. 32 and 33, as well as the PL data in
the present work. The main reason for the delayed critical
temperature predicted by the present simulations is due to a
delayed electron escape process in the p-doped device. From
Eq. (13), it is found that a slower electron escape process at
a given temperature requires a smaller ES occupancy. The
ES electron occupancy is lower in the p-doped device com-
pared to the undoped device at injection levels far below
threshold, because a faster spontaneous recombination rate
occurs due to the presence of the extrinsic holes. It should be
noted that this delayed critical temperature is mainly affected
by the thermal escape process described in Eq. (13), whereas
the delayed intradot thermal excitation in Fig. 7(a) is domi-
nated by the thermal excitation process described in Eq. (15).
However, the reason for these two kinds of delay is similar,
both of which result from reduced electron occupation fac-
tors in the QD states of the p-doped device.

In addition to the processes included in the present simu-
lations, an increased electron confinement has been proposed
as a mechanism for a delayed TCM in p-type devices.?> This
arises from the Coulomb attraction by the extrinsic holes.
However, it is difficult to evaluate by how much the electron
confinement will be altered by the extrinsic holes, and in the
present simulations, the same electron and hole confinement
potentials are assumed for both devices. Including a deeper
electron confinement potential in the simulation results, the
TCM minimum shifts to a higher temperature, as expected.
However, in the absence of an accurate knowledge of the
magnitude of the increased confinement potential that results
from the extrinsic holes, this modified potential has not been
included in the simulations presented in this paper.

With increasing current injection, the critical temperature
at which the minimum K,ema oOccurs is reduced, for ex-
ample, to 220 K at threshold for the p-doped device. The
same phenomenon can be observed in the undoped device
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FIG. 11. The temperature dependence of the emission wave-
length for two injection currents and for both the p-doped and un-
doped QD lasers.

where the critical temperature changes from 220 to 160 K as
the injection current increases from 1 mA to threshold. The
Kipermas minima at threshold, predicted by the simulations
plotted in Figs. 9 and 10, occur at the same temperature as
the minima in Jy, simulated by only considering the TCM
(see inset of Fig. 5). It can hence be concluded that the sig-
nificance of the TCM is weakened at high-injection currents
and on its own appears unable to fully account for the nega-
tive T, observed in both p-doped and undoped lasers.

C. Wavelength shift

Finally, the predictions of the TCM and PCM for the tem-
perature dependence of the emission wavelength are consid-
ered. Low-current EL spectra and lasing spectra (EL spectra
above threshold) were measured for comparison with the
simulations. Figure 11 shows the measured temperature de-
pendence of the EL emission for injection currents of [
=1 mA and I, X 1.1 for both devices. The gross shift of the
emission is caused by the thermal band gap shrinkage, which
is not known accurately enough to reliably remove it from
the experimental data. Hence, it is necessary to look for
small effects against this background shift via a comparison
of the emission at the two different injection currents. Rela-
tive to the EL at 1 mA, the lasing emission exhibits a blue-
shift below 200 K for the undoped device and above 220 K
for the p-doped device. These are the temperature regions
where the negative 7|, is observed for both devices. This
behavior agrees with the predictions of the PCM as discussed
above. The detailed behavior of the emission in the negative
T, regions is shown in the insets of Fig. 11 for both devices.
Relative to the low-injection current EL, the lasing emission
exhibits a blueshift of 10 meV for the undoped device and
5 meV for the p-doped device.

Because the temperature dependence of the QD band gap
is not accurately known, it is not easy to simulate the emis-
sion behavior shown in Fig. 11. However, if only the wave-
length difference between the undoped and p-doped devices
is considered, the effects of the temperature-dependent band
gap can be neglected if it is assumed that this is the same for
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FIG. 12. Temperature dependence of the difference between the
peak wavelengths of the undoped and p-doped QD lasers for both
low-current injection and injection above threshold.

both devices. Figure 12 shows the measured temperature de-
pendence of the emission difference between the undoped
and p-doped devices for a range of injection currents. The
peak emission is taken as the maximum of the whole spectra,
which contains contributions from both subsets of dots; this
is particularly significant in the low-injection spectra. The
inset shows a schematic of the quantity plotted in the main
part of the figure. Below 200 K, the lasing emission is domi-
nated by the photon coupling process, which gives a blue-
shift in the undoped device and a redshift in the p-doped
device. As a result, the wavelength separation between the
devices increases with increasing temperature. In contrast,
the low-current behavior is dominated by a thermal redistri-
bution process, which gives a redshift for both the undoped
and p-doped devices. However, the thermal redistribution
process is delayed in the p-doped device by ~70 K as dis-
cussed above. This delay results in the separation between
the two devices decreasing above ~170 K, and this separa-
tion does not return to its pre-170-K value until the thermal
redistribution process is completed in the p-doped device.
The results plotted in Fig. 12 reveal a very different behavior
for the lasing emission and subthreshold EL below 200 K.
Figure 12 also contains the results of a simulation based
on the theoretical model described above and assuming a
bimodal distribution of dots. Assuming a wavelength separa-
tion of 2 nm at 80 K between the lasing spectra of the un-
doped and p-doped devices, the simulation results describe
well the experimental results for above threshold injection.
The simulated lasing wavelength difference increases by
11 nm between 80 and 220 K. Experimentally, the increase
is 10 nm between 80 and 190 K. For low-current injection,
the simulated and experimental values are 2 and 4 nm, re-
spectively. The differences between the experimental and
simulated results may result from an underestimation of the
thermal-carrier redistribution between the subgroups of QDs.
As in other simulations discussed above, the results pre-
sented in Fig. 12 indicate that the effect of the TCM is sig-
nificant at low-injection current but that the PCM is needed
to fully explain the wavelength behavior above threshold.
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V. CONCLUSION

In summary, a theoretical model accounting for both ther-
mal coupling and photon coupling processes in self-
assembled QD lasers has been presented. The presence of a
negative T, region where a spectral blueshift coexists in both
undoped and p-doped QD lasers can be explained by a pho-
ton coupling process between the GS and the first ES in dots
of different sizes. The intradot thermal excitation of electrons
is delayed in a p-type device, a result of a reduced electron
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occupation of the GS. This behavior when combined with the
PCM can account for the very different temperature depen-
dence of Jy observed in the two types of device. Below
threshold, the TCM results in a spectral linewidth narrowing
and a redshift of the emission for both undoped and p-doped
QD devices with increasing temperature. This behavior is
weakened as the injection level is increased. Near and above
threshold, the PCM makes an increased contribution to the
behavior of the lasers.
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