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Abstract
The researchers made significant progress in all of the proposed research afgesfirst task involved
the growth and characterization of 1040 nm vertedéernal cavity surface emitting lasers (VECSELS).
These devices have been grown by MOCVD and haven lsedjected to temperature-dependent
reflectivity studies to optimize the alignment bétgain peak with the micro-cavity as well as exang
their continuous wave output power properties. 8dlyp based on extensive electronic structure
simulations, single and dual tunnel-injection bagedntum dot epi-structures have been designedeThe

structures leverage from the already establishattvetass quantum dot VECSEL research at CHTM.



Overview: The effort from the University of New Mexico in tlpast year has been focused on
developing epitaxial structures that have the ibib be operated CW under high pump power
conditions with a target emission wavelength of@@# as well as wavelengths associated with
InAs quantum dots of 1240 nm [1,2]. The laser s$tmgs have been grown as top emitter
structures with the active region on the top arel distributed Bragg reflector (DBR) on the
bottom. The development of the VECSELs was delalgihg this year due to the installation
process for the AFOSR DURIP funded GEN 10 MBE meaddespite unforeseen delays on our
MBE machine, we have made use of our MOCVD grovepabilities to ensure production of
the first round of VECSEL devices. The currentsfadf the experiment is that we are at the
stage where chips are being packaged with diamaad bBpreaders to enable high power
performance [1-3]. With the completion of this si@p shall proceed to send the chips out for
various levels of anti-reflection coating. In péehlour team has embarked on ameliorating our
guantum dot VECSELSs technologies [1-3]. Accordinglgvel single and dual coupled quantum
dot-quantum well gain materials have been desigisaty an 8-bané.p approach. Knowledge
of the temperature performance of this materiatesyss of profound importance to ensure the
optimization of our VECSELs. Previously, we haveedighe segmented contact method to
acquire a better understanding of the temperatapertience of the gain and loss spectra in
dots-in-a-well active regions [4,5]. These previstisdies act as a valuable baseline for future
work by giving us valuable insight into the tempara dependencies seen in semiconductor

laser active regions.

Research team: The following personnel have been engaged inwluek: Prof. Luke Lester,

Prof. Ganesh Balakrishnan, Dr. Alex Albrecht, Drarid Crowley and PhD candidates Nishant



Patel and Andy Liu. Nishant Patel has now complétexi academic requirements and is

currently preparing his PhD proposal for Spring201

Epitaxy: The most critical aspect of this work done to datehis project is the ability to align
the three components of the VECSEL micro-cavitycture. The process developed to achieve

such precise growth involves three steps —

(8) coarse adjustments — This method involves a very careful calibratioh the growth
parameters in the machine using reflective highiggnelectron diffraction which provides us the
growth rates required to within a percentage ofténgeted growth rate. The first run in a series
is then a VECSEL sample where the micro-cavityrsag simply based on such a process of
calibrations. The typical result from such a catlmn process is the misalignment of the
microcavity structure with respect to the gain pelie gain peak in all of the structures is kept
at 1020 nm and the targeted micro-cavity dip i4@0 nm. The quantum wells are based on
InGaAs with GaAs spacer layers with the entiredtrre designed as a resonant periodic gain
structure. This results in the QWSs being placethatantinodes of the standing wave electric-

field created in a VECSEL.

(b) Precise alignment — In this step the reactor is kept very stablenfrihe previous coarse
calibration run and depending upon the extent @ftiicrocavity is misaligned from the designed
wavelength, an adjustment is made to the growtkcstre. If the misalignment is too large the
barriers are adjusted. To our knowledge this isotiig research effort that has developed such a

technique for precise correction of the micro caaiignment.

Characterization: Upon completion of the epitaxial process the sasglre analyzed using a

temperature dependent reflectivity setup whichlbbesen setup at UNM. If a further adjustment is



required in the growth then the structure is regeatgain. The samples have all been tested for
CW lasing as well as uniformity of lasing acrose twafer. The samples are then lapped,
polished, and metalized. The samples are subsdguaotinted on a diamond substrate. The

selected VECSEL chips will be tested and sent auafti-reflection coating.
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Fig. 1: Temperature dependent reflectivity showilmgtemperature at which the
gain peak and the micro-cavity resonance are aligh¢he target wavelength of
1040 nm.
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Fig. 2: Temperature dependent reflectivity showilmgtemperature at which the
gain peak and the micro-cavity resonance are aligne
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Fig. 3: Variation of maximum output power and thasl pump powers as a
function of position relative to the center of MECSEL wafer.
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Fig. 4: L-L curve for the VECSEL under continuouawg conditions.

Coupled quantum dot-quantum well gain material designs:

Although the quantum dot active region is knowrexdibit excellent temperature performance,
it still suffers from hot carrier effects [6]. Amgrthe underlying causes are an inhibited carrier
energy relaxation in the dots stemming from therei® nature of the allowed energy levels. By
electronically coupling the lasing states of thasdeith the minimum electron energies of a
guantum well, cold carriers can be injected viarmmassisted tunneling into the dots, thereby
bypassing the natural inefficient relaxation routkich generally results in a heating of the
carrier distribution. Here we report on both singtel dual carrier injection epi-structure designs
to be incorporated into the VECSEL active regionaasapproach to mitigating hot carrier

effects.

For these designs the ability to realistically diéscthe electron and hole energy distributions in

the dots is essential to allow for an accurateulmef the dot lasing states with the injector well



energy minimum. The calculations leading to théofeing designs have been performed using
an 8 bandk-p approach using a Fourier transform technique ThE report appendix contains
details of the calculations used for designing sheictures. Material parameters used in the
calcualtions were adapted from Vurgaftman et dl.g/8 are cross-correlated with published
experimental characterizations of both InGaAs badatd and wells. The mean ensemble dot
structure is assumed to have a square-based tednpgtamidal shape being 15 nm at the base
and 6 nm in height. Figures 5-8 show our 4 desighs.designs are leveraged from our 12 stack
QD VECSEL structures [1]. Figure 5 depicts a sirtglenel injector design where the InGaAs
injector well is chosen to inject cold electron®ithe dense region of electron states just inside
the dot energy potential. Figure 6 is also a sitighmel injector where the target state is the firs
excited state (ES) of the QDs. Tunnel injectiom itite dot ES requires a wider injector well and
an increased amount of indium than the design shoigure 5 since it is lower in energy than
the latter. Figures 7 and 8 present dual carriection designs. The first design is a symmetric
design which selectively populates the QD ES, dgiam@ously injecting cold electrons and holes
into the QD ES. The second design is an asymma#sign which aims to target the dense set of
carrier states for electrons and QD ES for holelse Tnclusion of thin GaP layers are
incorporated to offset the accumulation of compwesstrain relative to growth on GaAs
substrates. Following the periodic gain structwecept, each design constrains the thickness of
the GaAs spacer layers such that the gain peaktfierquantum dot ground state (GS) transition

coincides with the minima of the standing eledlietd of the micro-cavity.



Layer name Layerthickness Notes
GaAs 168 nm
INg 15Gag gsAS 6 Nm
InAs 2.5 ML
Ing 15Gag gsAS 1nm
GaAs/GaP 2nm Tunnel barrier: 0.5nm GaAs+1nm GaP+0.5nm GaAs
INg 20Gag gsAS 5nm Electron injector to highly excited dot levels

Fig. 5: 12 stack, 20% indium InGaAs single tunmgitor DWELL VECSEL active region

Layer name Layer thickness Notes
GaAs 163 nm
INg 15Gag gsAS 6 nm
InAs 2.5 ML
INg 15Gag gsAS 1nm
GaAs/GaP 3nm Tunnel barrier: 0.5nm GaAs+2.5nm GaP+0.5nm GaAs
INg 25Gag 72AS 9nm Electron injector to dot ES

Fig. 6: 12 stack, 28% indium InGaAs single tunmgdtor DWELL VECSEL active region



Layer name Layer thickness Notes

GaAs 156 nm
Ing 2,5Gag 70AS 9nm Hole injector to dot ES

GaAs 3nm Tunnel barrier: 0.5nm GaAs+2.5nm GaP+0.5nm GaAs
Ing 15Gag gsAS 6 nm

InAs 2.5 ML
Ing 15Gag gsAS 1nm

GaAs 2nm Tunnel barrier: 0.5nm GaAs+1nm GaP+0.5nm GaAs
INg 20Gag goAS 5nm Electron injector to highly excited dot levels

Fig. 7: 12 stack, 28% indium dual InGaAs tunnetatpr DWELL VECSEL active region.

Layer name Layer thickness Notes

GaAs 151 nm
INg 25Gag 72AS 9nm Hole injector to dot ES

GaAs 3nm Tunnel barrier: 0.5nm GaAs+2.5 nm GaP+0.5nm GaAs
Ing 15Gag g5sAS 6 nm

InAs 2.5ML
Ing 15Gag g5sAS 1nm

GaAs 3nm Tunnel barrier: 0.5nm GaAs+2.5 nm GaP+0.5nm GaAs
INg 25Gag 72AS 9 nm Electron injector to dot ES

Fig. 8: 12 stack dual InGaAs tunnel injector DWEVYECSEL active region. 28% indium InGaAs tunnel

injector for holes and a 20% indium InGaAs tunm@dtor for electrons.




Appendix:
The appropriate thickness of the GaP strain-congisms layer is computed using continuum

elasticity theory using equation (1) [9].

t:t{&aﬂ%-%q
b d 2

A a5 (a, - 2a) 1)
The subscripts denote strained layer, balancirgyr)and substrate, ds b, and 0, respectively.
Equation 1 includes both the material lattice cantst,a;, and their stiffness coefficients which

are contained within the constaitof the alternating materials. This constans described in

(2) whereC represents stiffness coefficients of ttrelayer material.

_2C;,

A =Cy; +Cyy, ?1.

(2)
Since the impact of strain on the confinement @eerig comparable to that of the band offsets
at the heterojunctions, the wavefunctions and eeem@e very sensitive to the underlying strain
distribution in the structure. The impact of thedabused for calculating the strain distribution
has been analyzed in a number of publications wihereontinuum elastic model was shown to
be the optimal choice for the current implementaid the 8-bandk.p model. The total strain

energy of the continuum mechanical (CM) model i&egiby [10]

1
Uwm =2 zcijklgijgkl
2:5%) 3)

The strain values are defined &s oui/ox;, whereu is the displacement vector field. The strain
values need to be determined in order to minirhiZer a given structure. The complianc€gy,

are represented by the parame@rs C;2, andCy4 for cubic crystals.



To compute a realistic distribution of electron dmale levels within the dots and wells of the
epi-structures, we use an 8-bang@ model which in addition to the strain energy alsdudes
energy band-mixing and spin-orbit coupling. Theadwbk.p Hamiltonian takes the following

generalized form [10, 11]

. (G[k] r j
H=| " _
-T  G[K] @

whereG[Kk] and " are 4x4 matrices and the overlining denotes thepbex conjugate of the
matrix. The matrix~ describes the spin-orbit splitting whiBeis composed of a potential energy

partG;, a kinetic energy paf®,, a spin-orbit interaction pa@s,, and a strain dependent p&xt

G=G,+G,+Gy +G,
()

For each material layer in the epi-structure, #mBdk.p Hamiltonian considers the following

inputs:

1). the fundamental band gBp,

2). the spin-orbit energi,

3). the optical matrix parametegg,

4). the valence band edge,

5). the relativé™ -point conduction band mass,

6). the three Luttinger parametgisy, , andys,



7). the Kane parametgy

8). the hydrostatic conduction band deformatiorepbél ac,

9). the hydrostatic band gap deformation poteatjal

10). the uniaxial ([100] direction) valence bandodeation potentiab,

11). the uniaxial ([111] direction) valence bandodeation potentiadl,,

12). the parametdy coupling the conduction band edge to shear strain,

13). and an optional scalar potenial; describing an electric field resulting from, foragmple,

a built-in voltage in a p-n-junction, an externadiyplied voltage, or a piezoelectric charging.

To implement the 8-band electronic structure iis thork we adopt a computationally efficient
Fourier-space method that is particularly suitedstoidying electronic and optical properties of
QDs and QDashes [7]. The method proceeds by contpthie three-dimensional strain in and
around the nanostructures. These are calculated &oalytic expressions which include the
Fourier transform of the characteristic functiom fbe nanostructure shape. This input is then
combined with a plane-wave expansion method fayutaling the energies and wavefunctions in
the QD and QDash structures [7]. lterative caldoet are performed to determine the optimum
injector well indium composition and thickness regd to hit resonance, within one LO phonon,

of the target dot states.
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Fig. Al: Calculated electron (black squares) avlé fred circles) energies of an example quantum do
(15 nm base length). The cut-off energy for casridgnotes the onset of fully delocalized stateseGr
arrows depict the first three dominant transitiofransition 1 involves both ground state electramg
holes. Transitions 2 and 3 are related to the dixstted state peak and are observed qualitatbaely

qguantum dot photoluminescence.. The horizontakaz@enote the targeted dot states for the injector
wells.
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