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Observation and Modeling of a Room-Temperature
Negative Characteristic Temperature 1.3-�m p-Type

Modulation-Doped Quantum-Dot Laser
Chao-Yuan Jin, Tom J. Badcock, Hui-Yun Liu, Kristian M. Groom, Richard J. Royce, David J. Mowbray, and

Mark Hopkinson

Abstract—A room-temperature negative characteristic tem-
perature ( 0) and ultralow threshold current density ( th)
of 48 A cm 2 are demonstrated for a 1.3- m InAs quantum
dot laser. These characteristics are obtained by combining a
high-growth-temperature GaAs spacer layer with p-type modu-
lation doping of the quantum dots in multiple layer dot-in-a-well
structures. Through a comparison of p-doped and undoped de-
vices, a photon coupling mechanism is proposed to account for
the different temperature dependences of th for the two devices.
Numerical simulations based on a rate equation model, which
includes photon coupling between ground and excited quantum
dot states, are performed. The simulations are able to account
for the very different temperature-dependent th behavior of the
doped and undoped device.

Index Terms—Characteristic temperature ( 0), p-type modula-
tion doping, quantum-dot (QD) laser, threshold current density.

I. INTRODUCTION

DUE to their atomic-like density of states, semiconductor
quantum-dot (QD) lasers are expected to exhibit improved

characteristics in comparison to bulk and quantum well lasers.
Predicted characteristics include an ultralow threshold current
density , low temperature sensitivity of (a high char-
acteristic temperature ) and a high modulation bandwidth
[1]–[3]. However, the performance of self-assembled QD lasers
is degraded due to the existence of finite potential barriers [4],
excited QD states [5], and inhomogeneous broadening of the op-
tical transitions due to QD size fluctuations [6]. As a result, the

of self-assembled QD lasers is temperature-sensitive, with
typical values departing significantly from the infinite value
expected for an ideal QD laser [1]. One possible reason for the fi-
nite value is carrier thermal excitation out of the lasing states,
generally from the ground states to excited QD states or states
in the barriers.

At low temperatures ( 200 K), a negative is typically
observed in undoped QD lasers. This phenomenon has been
explained by a thermal coupling model and reflects a transition
from a nonequilibrium to equilibrium carrier distribution within
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the QD ensemble [7]. Support for this model is obtained from
the experimentally observed narrowing of the photolumines-
cence (PL) line width with increasing temperature [7] and a
broadening of laser emission spectra at low temperatures [8].
Further evidence has been provided from a study of two QD
lasers with different barrier heights [9]. Theoretical studies
have been performed using both the master equation model [10]
and the rate equation model [11]. Within these models thermal
coupling is able to explain the negative but the mechanism
responsible for the broadening of the lasing spectrum is still
debated. A possible problem with the thermal coupling model
concerns whether the inter dot carrier transfer process will be
sufficiently fast in comparison to the short carrier lifetimes near
to threshold [12].

Recently, significant efforts have been made to improve
the room-temperature (RT) of 1.3- m QD lasers so that
they are competitive for commercial applications [4], [5], [13].
p-type modulation doping of the QDs in 1.3- m dot-in-a-well
(DWELL) lasers has been shown to be a promising method
to achieve a high around RT [14], [15], with an infinite

demonstrated recently [16], [17]. The initial reason for
introducing p-type doping was to reduce the effects of hole
excitation out of the lasing state, which is expected to be more
important than electron excitation due to the closer spaced
hole states [18]. However experimental results derived from
measurements of the turn-on delay time [19] and unamplified
spontaneous emission spectra [17] suggest that a decrease
of both QD nonradiative Auger recombination and radiative
recombination is responsible for the experimentally observed
infinite . The physical mechanism for this reduced carrier
recombination is unclear. It has been proposed that the decrease
in the radiative recombination results from a carrier thermal
redistribution from nonequilibrium to equilibrium within the
QD ensemble [17]. Compared with the thermal coupling model
in undoped QD lasers, if a carrier thermal redistribution is
confirmed to be responsible for the RT infinite of p-type
devices, a line width narrowing of the PL should be expected
around RT in p-doped structures.

In this paper, a RT negative is achieved in p-type modu-
lation doped QD lasers. By measuring the temperature depen-
dence of the PL line width it is found that line width narrowing in
p-type doped lasers still occurs in the temperature range below
180 K. Within this temperature range the p-type modulation
doped laser exhibits a positive , while a negative occurs
for a reference undoped laser. These observations indicate that a

0018-9197/$20.00 © 2006 IEEE
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Fig. 1. Threshold current densities for both p-doped and undoped QD lasers as
a function of temperature.

model based simply on a thermally driven carrier redistribution
between QDs can not account for the temperature dependence of

in both doped and undoped QDs. A photon-coupling model
based on the interaction of ground state and first excited state
transitions in different size QDs is proposed to account for the
different temperature dependence of in the doped and un-
doped devices. Simulations performed using this model are able
to satisfactorily explain the experimental data, including the RT
negative observed for the p-type doped device.

II. EXPERIMENTAL RESULTS

The p-type modulation doped device consists of five layers of
InAs QDs, each grown within a 8-nm In Ga As quantum
well to give a DWELL structure. Each DWELL is separated by
50 nm GaAs spacer layers. In the GaAs space layer, 6 nm GaAs
is doped with Be at a level 1.0 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 layers was
grown for comparison. The structures were grown by molec-
ular beam epitaxy using an Oxford V90H system. Full details
of the laser structures can be found elsewhere [20]. Laser cavity
lengths are 3 mm with as-cleaved facets. Laser characteristics
were measured under pulsed injection (5 s, 10 kHz) from 60
to 380 K.

The temperature dependence of for both the p-doped and
undoped laser is plotted in Fig. 1. For the undoped QD laser, the
threshold current density decreases with increasing temperature
below 200 K, resulting in a negative [7]. Above 200 K
increases gradually with increasing temperature, with a more
rapid increase occurring above 320 K. For the p-doped laser,
the threshold current density increases gradually up to 200 K.
Above 200 K, a negative occurs between 240 and 300 K.
This is followed by an abrupt increase above 320 K. A threshold
current density of 48 Acm is achieved at RT for the p-doped
structure. This very low , coupled with a negative , results

Fig. 2. PL line width (FWHM) for both p-doped and undoped QD lasers as a
function of temperature.

from the combination of the high-growth temperature spacer
layer (HGTSL) and p-type modulation doping [20], [21]. The
present is, to the best of our knowledge, the lowest reported
value for the RT threshold current density of a 1.3 m p-type
modulation doped QD laser.

The temperature dependence of the PL full-width at half max-
imum (FWHM) for both structures is plotted in Fig. 2. The p
top layer was etched off in PL-test structures. The FWHM of
the p-doped laser is 2–4 meV higher than that of undoped struc-
ture, 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 the p-doped laser
fluctuates near 35 meV, whereas the FWHM of the undoped
structures slowly increases from 32 to 34.5 meV between 180
and 300 K. When compared to the temperature dependence of

(Fig. 1) around RT, a negative occurs between 240 and
300 K, for the p-doped laser whereas the FWHM for this laser
increases slightly from 34.5 to 35.8 meV over the same temper-
ature range. Hence, there is no narrowing of the PL line width of
the p-doped device around RT. Moreover, at low temperatures
between 100 and 180 K, although both devices exhibit PL line
width narrowing their threshold current densities change in op-
posite directions. These experimental observations suggest that
a thermal redistribution of carriers between QDs can not explain
the temperature dependence of in both undoped and p-type
doped devices [12].

To further confirm this conclusion the temperature depen-
dence of the laser emission spectra has also been studied.
Fig. 3 shows the temperature dependence of the lasing spectra,
recorded for an injection current 1.1 times . Lasing spectra
for both the undoped and p-doped lasers show a gradually nar-
rowing with increasing temperature. This narrowing of the lasing
spectra is similar for both devices, which indicates a similar
temperature dependence of the homogeneous line width. Hence,
neither the PL or lasing spectra provide evidence for thermal
carrier processes occurring in different temperature regimes for
the undoped and p-doped lasers. Therefore, to explain the RT
negative in p-doped lasers a new model is needed.
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Fig. 3. Lasing spectra of p-doped and undoped QD lasers for a number of
different temperatures. The lasing spectra were recorded at a current density
J(T ) = 1:1 � J (T ).

Fig. 4. Schematic picture of the photon coupling mechanism.

III. THEORY AND SIMULATIONS

Our proposed photon coupling model is based on two as-
sumptions. First, photons generated by the QDs can be ampli-
fied or absorbed by ground state (GS) and excited state (ES)
transitions due to the distribution of QD sizes. The total modal
gain is the sum of GS and ES gains at the relevant energy. With
this assumption light can be either amplified by the GS or ab-
sorbed by the ES of bigger dots, assuming the latter states are
unoccupied. The inset of Fig. 4 provides a schematic picture
of the photon coupling between dots of different sizes. Photon
coupling can occur between GS and ES transitions which are
separated by less than the homogenous broadening, . If the
carrier population in the ES changes, the GS gain at the dom-
inant modal wavelength should change simultaneously to hold
the single-pass gain to a constant value at threshold. Therefore,
the carrier population in the GS at threshold will depend on the
ES population.

The main part of Fig. 4 illustrates an important parameter
which controls the strength of the photon coupling mechanism:
the maximum ES absorption at the lasing wave length . All
curves in Fig. 4 are plotted with parameters used in the nu-
merical simulations described below. In the present laser de-
vices is typically one sixth of the maximum GS gain
[22], which initially appears insufficient to significantly affect
the threshold current density. However, due to gain saturation
[23], the GS gain usually saturates at about one third of its pos-
sible maximum at RT [24]. At any temperature the threshold
gain will be close to this value, while the ES gain can vary over
a wide range, from almost the maximum ES absorption, ,
to the threshold gain . Thus, the contribution from the ES
transition at the lasing energy is significant.

The second assumption of the model is that the thermal exci-
tation of holes to higher QD energy levels occurs at lower tem-
peratures than for electrons, a result of the more closely spaced
hole states. It is assumed that there are two critical tempera-
tures, and , at which hole and electron thermal excitation
to higher energy levels starts to occur. The second assumption
requires that . Below , the hole ES is fully occu-
pied in the p-doped laser but is empty for the undoped laser
[25]. From to the hole occupancy in the ES decreases
for the p-doped laser and increases for the undoped laser. As
a result, state blocking of the ES absorption decreases in the
p-doped laser, increasing the absorption and hence . In con-
trast hole excitation into the ES of the undoped laser reduces the
ES absorption and hence decreases . Therefore, it is expected
that the temperature behavior of between and should
be very different, in agreement with the experimental data of
Fig. 1. Above , due to the thermal excitation of electrons to
the ES, absorption by the ES transition is increasingly blocked
for the p-doped laser. As a consequence a decreasing oc-
curs, giving the negative value at RT. This decrease in
continues until carrier excitation to barrier states, followed by
recombination, becomes significant, resulting in the abrupt in-
crease in observed for both devices at high temperatures.
The experimental results in Fig. 1 imply that is below 100 K
and is around 180 K. For the undoped device electron exci-
tation and blocking of the excited state absorption also occurs,
resulting in a decrease in . However in this device a higher
total electron population causes this effect to occur at lower tem-
peratures, contributing to the rapid decrease from 150 to 220 K.
A higher electron population in the undoped QDs occurs despite
a lower because of an increased carrier recombination rate
in the doped dots caused by the high hole density.

For the p-doped laser, the increasing barrier recombination
and the electron blocking of the excited state absorption partly
overlap in the temperature range from 240 to 300 K. If the con-
tribution from the barrier recombination dominates, a positive

should result around RT [14], [16]. Hence, the experimental
observation of a negative indicates that in the present devices
the contribution from the electron blocking of the excited states
still dominates at RT. The high-temperature growth of GaAs
spacers may take responsibility of this reduce of barrier recom-
bination above RT. However, the relative strengths of these two
mechanisms is likely to be very sample specific, explaining the
range of behaviors reported in the literature. In addition, reports
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Fig. 5. Schematic energy-band structure of the p-type modulation doped laser.

of decreases in both the nonradiative Auger recombination [16]
and radiative recombination [17] with increasing temperature
can be explained by the GS carrier density decrease predicted
by the current model.

To provide further support for the proposed photon coupling
mechanism, numerical simulations were performed based on a
rate equation model, details of which can be found elsewhere
[12], [26]. The schematic energy-band structure of a single QD
layer is shown in Fig. 5, where nm is the width of the
In Ga As well, nm is the width of the p-doped
layer, and nm is the distance between those two layers.
The p-doped layer was modelled by a well in the valence band,
the energy depth of which is meV. The bandgap
of the GaAs barriers is eV, and the bandgap of the
In Ga As well is 1.19 eV. In the simulation only the elec-
tron ground state and the first excited state are included, whereas
five hole levels are included due to their smaller energy separa-
tion. The separation of the electron and hole states was taken
as 53 and 15 meV, respectively. For the undoped QD laser, the
p-doped layer is replaced by undoped GaAs. In this simulation
structure, the well of p-doped layer is not a crucial point, which
just provides an energy confinement of holes since we do not
really know how many holes from the doping layer will release
into the QD region.

A number of volumes have to be defined. These are: —the
volume of the active region; —the volume of the barrier
region; —the volume of the In Ga As well region;

—the volume of the p-doped region; and —the total
volume of the QDs, which can be expressed as

(1)

where is the average volume of a single dot, and is the
dot areal density, is the number of dots layers, and and
are the cavity length and width. The following QD parameters
are chosen: cm , hight, nm,
width, nm, from which .

To include photon coupling between GS and ES, the ampli-
fied spontaneous emission resulting from both transitions is in-

corporated into carrier rate equations. The rate equations for
electrons in the conduction band are written as follows:

(2)

(3)

(4)

where represents the normalized sum-
mation of electron densities in the well and barrier. and
are the electron densities in the ground state and excited state,

and are the capture and escape times for electrons be-
tween the dots and wells, and are the relaxation and ex-
citation times for electrons between the GS and ES, ,
and are the carrier life times in the different regions, and

are the occupation probabilities of the GS and ES, is
the occupation probability in a energy band within at the
bandgap of the quantum wells, , and are the op-
tical confinement factors, , and are the material
gains of the barriers, wells, ground states, and excited states,
is the cavity length, and represent the forward and backward
propagating photon rates . obey the propagation rate
equations

(5)

where is the velocity of light in the cavity,
is the model gain, which receives

a contribution from the different regions of the device. The
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Fig. 6. Simulated threshold current densities obtained from the model incor-
porating the photon coupling mechanism. Solid circles and squares are for the
normal p-doped and undoped lasers, respectively. Solid triangles are for a p-type
laser with a bimodal QD distribution for which 30% of the dots have a GS en-
ergy close to the ES of the majority QDs.

detailed expression of gain spectra can refer to [27]. is the
spontaneous emission and is the optical loss in the cavity.
The carrier lifetimes are expressed as follows:

(6)

where , and are the coefficients for defect
recombination, radiative recombination and Auger recombi-
nation, respectively, and is relevant hole density. The hole
distribution in the valence band obeys Fermi–Dirac statistics,
whereas the electron distribution in the conduction band is
determined by dynamical processes as described by the carrier
rate equations (2)–(4).

The following structural parameters were used in the simula-
tions: cavity length mm, width m, thickness

m, optical confinements for barriers , for
wells and for dots , layer number

, dots density cm , facet reflec-
tivities , optical loss cm , refractive
index , homogenous broadening of a Lorentzian form

6 and 12 meV for the GS and ES, respectively, inhomoge-
neous broadening of a Gaussian form GS meV and ES

meV [23]. Charge neutrality is ensuredby the following
equation which must be satisfied by each region of the device

(7)

where and are the volume and electron densities for the
barriers, wells, and dots, is the density of acceptors with

cm .

IV. RESULTS AND DISCUSSION

By solving the rate equations (2)–(5) for different injection
currents, the threshold current density can be obtained from the
simulated - curve. Fig. 6 shows the temperature dependence
of for both the p-doped and undoped QD lasers obtained
from the simulations. An infinite is predicted between 220

Fig. 7. The 10 K PL spectra of the p-type laser for a range of excitation powers.
The inset shows an AFM image of uncapped QDs grown under similar condi-
tions as the laser device. (Color version available online at: http://ieeexplore.
ieee.org.)

and 300 K (solid circles) for a normal p-doped laser. In addition
a negative is predicted for the undoped laser below 240 K.
These results demonstrate that the photon-coupling model can
be employed to explain the temperature dependence of in
both p-type doped and undoped QD lasers.

The 10 K excitation-power-dependent PL has been studied
for the p-doped device and typical spectra are shown in Fig. 7.
For low-excitation powers the spectra are asymmetric with a
second weaker peak to shorter wavelengths. This line shape
is attributed to the presence of two subsets of dots, reflecting
a bimodal distribution of size, shape or composition [21].
This bimodal phenomenon was studied before in a published
paper from our group [28], in which we have given detailed
description of the bimodal distribution of QDs and the possible
reason for this phenomenon. It may be our longer wavelength
( 1.3 m) QDs gives this problem. However, because we still
demonstrate the lowest threshold and highest efficiencies in
these samples, we think the effect of the bimodal size distribu-
tion is not that severe.

The inset to Fig. 7 is an AFM image of similarly grown QDs
and shows a number of smaller dots, of height around 3.5 nm, ob-
served amongst the main distribution of heights around 5.5 nm.
The relative fraction of these smaller dots is highly dependent on
the MBE growth parameters, including the substrate temperature
and growth rate, but appears 10%–30% from the AFM anal-
ysis of many similar structures. The excited state transition of the
main subset of QDs is observed at high excitation powers. Fitting
the low power PL spectra by two Gaussians it is found that the GS
transition due to the subset of smaller QDs makes a significant
contribution to the emission at the ES of the larger QDs, around
30% of the total intensity. Hence, the presence of the bimodal QD
distribution may further enhance the importance of the photon
coupling between dots of different sizes.

The effect of the bimodal QD distribution was investigated
by including this distribution in the numerical simulations. As-
suming a 30% fraction of smaller QDs, the results of the simula-
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Fig. 8. Temperature dependence of the separation between the peak lasing
wavelengths of the undoped and p-doped QD lasers. The separations between
the wavelength of the undoped and p-doped structures in low-current EL and
PL are also plotted.

tion give an improved agreement with the experimental results
(Fig. 6). A RT negative is now predicted between 220 and
300 K. This result demonstrates that the presence of a bimodal
QD distribution enhances the strength of the photon coupling
contribution to the temperature dependence of . However the
strength of the bimodal distribution will vary between structures
due to slightly different growth conditions, further explaining
why nominally similar p-type doped devices studied by different
groups exhibit significantly different temperature dependences
of around RT.

Both the experimental data and the simulation results show
that the threshold current density of p-doped device is slight
higher, and become less than that of undoped device above 300 K.
Because the threshold current was highly dependent on the con-
finement quality of the laser cavity, the relative value may not
be that important. In theoretical simulation, we use exactly the
same value of spontaneous and Auger recombination coefficients
for comparison. Actually, the Auger recombination in p-doped
lasers will be much larger than this value. Also, in our experi-
mental results, the pulsed current measurement may also depress
the Auger recombination in p-doped lasers. Furthermore, we
believe the ultralow threshold current density from our p-doped
devices is because the HTGSL technique used in this devices.

Further experimental evidence in support of the photon cou-
pling model is obtained from the relative temperature variation
of the lasing wavelengths as shown in Fig. 8. This figure plots
the difference between the dominant lasing mode of the p-doped
and undoped devices and, in addition, the difference between
the EL and PL maxima of the two devices. While the latter
two quantities decrease slightly with increasing temperature,
the difference in lasing wavelengths ( - ) in-
creases between 80 and 200 K and remains approximately con-
stant above 200 K. This different behavior for the lasing wave-
lengths and the EL/PL arises because while the latter reflects
only the properties of the GS transition, the former results from
the interaction of the GS and ES. The temperature behavior of
the lasing wavelengths is consistent with the photon coupling
model. The peak wavelength of GS gain occurs at the falling

edge of the ES absorption, as shown in Fig. 4. Hence, for pos-
itive ES absorption the point of maximum gain will be pushed
to a wavelength that is slightly longer than that due simply to
the GS. With increasing temperature above 80 K the ES absorp-
tion in the doped device increases as state blocking is reduced,
causing the lasing wavelength to increase. In contrast, ES state
blocking increases in the undoped device, reducing the absorp-
tion, and shifting the maximum gain, and hence lasing to shorter
wavelengths. These effects will be complicated by the tempera-
ture induced bandgap change but should result in an increase
of - , as is observed experimentally. Above

200 K, electron excitation in the doped device reduces the ex-
cited state absorption, allowing the maximum gain to shift to
shorter wavelengths. A similar shift, although starting at lower
temperatures, occurs in the undoped device, with the result that

- remains approximately constant above 200
K. At even higher temperatures electron blocking of the excited
state absorption is expected to saturate first in the undoped de-
vice due to the higher electron population. Hence, eventually at
high temperatures - should start to decrease, this
regime is not reached in the data of Fig. 8.

V. CONCLUSION

Insummary, both a low and negative have beenobtained
for a p-type modulation doped 1.3- m QD laser. The different
temperature dependence of for a doped and undoped device
can not be explained by a model based on the thermal redistribu-
tionofcarrierswithin theQDensemble.Amodelbasedonphoton
coupling between QD ground and excited states is proposed.
Simulations performed using this model are able to reproduce the
experimental data for both the doped and undoped devices.
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