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In this work, the influences of biaxial compressive and tensile strains on optical gain and threshold current density are investigated theoret-
ically as a function of the side lengths of the quantum box in the GaN/@&ky sN structure by using a model based on the density matrix
theory of semiconductor lasers with relaxation broadening. For various side lengths of the quantum box, we compare the spectra gain curve:
of compressive, tensile-strained, and unstrained structures of the GalBal sN cubic quantum-dot (QD) laser. The dependence of peak
optical gain on carrier density and the modal gain on current density is plotted too for all cases. The results reveal that many enhancement:
can be made to the laser structure by introduciriy5% compressive strain: a higher value of optical gain of 18421 cat L = 60 A

a lower value of transparency of carrier densityNaf. = 0.13 x 10'® cm~2 and transparency current density.bf. = 26.9 Alcm® and a

lower threshold current density df;, = 78.87 Alcm? at L = 100 A.
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1. Introduction The optical properties of quantum dot structures are in-
fluenced by strain, in particular the optical gain, the energy

) _ _ of transitions, and the average direct band gap.
Modern opto-electronic devices, such as laser diodes (LDs) |, this paper, we calculate theoretically and com-

and light-emitting diodes (LEDs), rely heavily on semicon- e the optical gain and threshold characteristics of the

ductor nanostructures (LEDs). The benefits of utilizing qQUANGAN/Al »Gay sN quantum dot lasers, taking into account the

tum dots in the active region of these devices stem from thg.,ence of strain and side length boxes at an injected carrier
three-dimensional confinement of charge carriers, which redensity ofN.. — 3.101° cm—3
v = 9. .

sults in a delta function-like density of states [1-4]. In order
to achieve the target wavelengths of multiple applications in .
entertainment technologies, telecommunications, and med?- | heoretical aspects
cal engineering, various material systems must be used foi1

the active regions. Optical gain and threshold current density

Especia”y for 0ptoe|ectronics7 group I1l-nitride com- We determine the material gain of quantum dot lasers utiliz-
pounds and alloys have emerged as an essential and verdad the method of Assadet al [2, 9], taking into account
tile class of semi-conductor materials. Although GaN, AIN, the intraband relaxation. In general, the optical gain may be
and InN all crystallize in the wurtzite structure [5], their band Written in the form:

gaps are substantially different, ranging from 0.7 eV for InN w [ by

to 6.2 eV for AIN [6]. At room temperature, ternary al- g(w) = \/72/ < R? >

loys with a wide bandgap range of 0.7 to 6.2 eV can be cre- e Y o Imng

ated by combining Indium and Aluminum with GaN, cover- "

ing the spectral range from deep ultraviolet (UV) to infrared « Geo(fe = fo) 7 IE @
(IR) [7,8]. (Bey — hw)? + ()2 v

Strain is always present in group llI-nitride based devices  The conduction band (or heavy-hole band) is designated
due to the significant differences in lattice parameters andby the subscriptc (or v), while f. and f, are the corre-
thermal expansion coefficients between the substrate and tisponding Fermi functions of the conduction and valence band
nitride overlayers, as well as between nitride layers with varstates, respectively;.., is the dipole momentE,,, is a tran-
ious alloy compositions [5]. sition energy between the conduction band and valence band,
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w is the angular frequency of lighty, 1o andn,. are the di-  following manner. First, the strain in the plaag. of the epi-
electric constant, vacuum permeability and refractive indextaxial growth assumed to be positive for tension and negative

The intra-band relaxation timg,, is assumed to be Ogs. for compression is [16-19]:
gev IS the density of states for the quantum dot, given
. apg — a
by [2]: Con = €y = ———, (6)
(E ) 26(Ecv - Ecnml - E’unml - Eq) (2) a
Gev\Licv) = —, .
L.L,L, whereaq anda are the lattice constants of the &a, _,N

whereFE,,,,,; andE,,....; represent the quantized electron andbarrier and the GaN dot layers, respectively.
hole energy levels respectively of a quantum box structure in  The strain in the perpendicular direction can be expressed
thez, y andz directions, and(E) is the delta function [10]. as:

Energy levels are given by the following equation if we as-

sume a structure that comprises of a quantum box in the form €1y = _20713.%%
of a cubic with dimensions ok, L, andL, [11]. C33

K2 nw 2 n mm 2 ll 2 (3a) with e, = €,. = €., = 0, whereC,3 andCs3 are the stiff-
2m: \ | Ly L, + L, ’ ness constants of the GaN dots (well) layer.
, ) ) ) It is widely known that the primary distinction between
B, - I <{M} n [mﬂ} N {lﬂ] ) (3b) lll-nitride wurtzite-type and other direct band gap semi-
v omeE \ | Ly ’ conductors is that the conduction band does not degenerate
at theT" point. However, the valence band is split into three

where the effective masses of an electron and a hole:are ) . '
andm.}, respectively, while the labels of the quantized energySUb'bandS' heavy hole (hh), light hole (Ih), and crystal field

levels in the box are, m andl. split-off ba”F’ (_Ch) [20]. o _

In Eq. (1), the electron and hole in the quantum box are The strain induced an energy shift in the conduction and
assumed to be in equilibrium, as determined by the quasi® three valence bands at theoint [5]:
Fermi levelst;. andEy,,.

It is been assumed that the transition from the first con- 0Ec = Gcz-€zz + Qet-(€z2 + €yy)s (8a)
duction band to the first valence band (heavy hole band) is _
made because the density of states in the light hole band is 0Bpnin=(D1+Ds)-€22 + (D2+Da). (s + €4y),  (8D)
lower than that of the heavy hole band, and its probability of 0Ecn = Dy.€.. + Do.(€xz + €yy), (8¢)
occurrence is greater than that of the other transitions.

The modal gain is another main parameter characteristizshere, the strain tensor componentjisand the conduction-
of lasing action. To calculate it, multiply the optical gain by band deformation potentials along theaxis and perpendic-
the confinement factor. The lasing action occurs when thelar to thec axis areu.., anda,; respectively.Dj(j = 1,...4)

@)

Ecnml =

L

Yy LZ

modal gain exceeds the total loss [9, 12]. is the potential deformation.
It is written asg,,, = I'.g, wherel' is the optical confine- Following the convention for the wurtzite structure, we
ment factor. note that the energy origin is selected at the maximum of the
The threshold current density is written as [2,13,14]:  unstrained valence band.
k quN h
Jin = %7 (4)

whereq indicates electron charge, is the rate of quantum 3. Results and discussions
box surface area included in the total aredefines the num- .
ber of layers in the quantum dot array, andepresents car- We suppose the quantum dot structure under analysis con-

rier life time. tains a GaN active layer with side length of L = L, =
The threshold carrier density,, is given as follow [15]: Ly = L) sandwiched by AlGa,_,N barriers. Taking into
1 1 1 account the strain effect, we compute quantum dot quantized
Nip = Ny + T (ai + 3L In [RD , (5) energy levels for conduction and valence bands, as well as
9d c

strain band-gap energy, which are then used to determine op-
where internal loss ie;, cavity length and reflectivity are de- tjcal gain and threshold current density in the model stated

noted byL. and R, respectively, differential gain igs, and  apove. Table | summarizes the values of the various physical
Ny represents transparency carrier density. parameters utilized in the calculation.

In Fig. 1, at an injected carrier density af, =
3.10' cm~3, the optical gain is presented as a function of the
Consider a layer of wurtzite crystal of GaN grown along thetransition energy for various side lengths of a cubic quantum
¢ axis (z-axis) on a thick ALGa, _.N layer with a compres- PO (L = 60,80,100 A) for compressive strain, unstrained,
sive or tensile strain. The strain effects are calculated in th@nd tensile strain structures, respectively. Itis intriguing to

2.2. Effects of strain
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TABLE |. The parameters used in the calculationsy (s the free electron mass) [5,17,19,21].

GaN AIN
Energy parameters (eV)
Eg at 300 K 3.43 6.2
A1 (eV) 0.01 -0.0227
Az = As (eV) 0.00567 0.012
Effective masses
me 0.2mo 0.3mo
Mhh 0.8mo 1.14mg
refractive index n,- 2.67 2.03
Deformation potentials (eV)
Qcz 4.6 4.5
et 4.6 4.5
D1 -3.7 -17.1
Do 4.5 7.9
Ds 8.2 8.8
Dy -4.1 -3.9
Elastic stiffness constants (GPa)
Cis 106 108
Cs3 398 373
A 1 T T T T T T On the other hand, when the quantum dot’s size becomes
0.5% larger, the carriers in the box are dispersed throughout use-
g | il . 3!,,, less levels, and the separation between energy levels is insuf-
ﬂ ficient to aghigve a high gain.. . N
o Il The variation of optical gain as a function of the transition
E 12010 | . energy under a compressive strained and a tensile strained
f s & for different magnitudesge,,| = 0.25, 0.5 and 0.75% are
Ez il " ¥ » | presented in Fig. 2, where we observe that the compressive
é ' —— .A‘”': ‘1'" 1 strain presents a higher optical gain with similar values for
O M 1.4 4 ! t the t.hree cgses—(0.25, —0.5,—0.75%) compared to that of '
4.0x1 al g : tens_|le strain. It can als_:o be seen that, in the case of te_n5|le
: strain, the value of optical gain increases as the magnitude
le...| decreases.

Transition energy (¢V)

FIGURE 1. Optical gain spectra for GaN/ALGay sN quantum dot

lasers with—0.5% compressive strain, unstrained and 0.5% tensile

strain for various sizes of quantum box/¥t = 3.10'° cm™3.

Table Il summarizes the maximum optical gain values
and the peak photon energy obtained from Fig. 2 for an in-
jected carrier density, = 3.10'° cm=3 at L = 60 A.

Figure 3 shows a comparison of peak optical gain as a
function of carrier density for compressive strain, unstrained
and tensile strain structures with varied quantum box sizes.

observe a significant increase in optical gain for compressivé his diagram contains two zones (on the positive side) as well
strain GaN quantum dots compared to unstrained and tensis absorption (negative side). We can observe that the optical
strain GaN quantum dots, because compressive strain rais88in increases rapidly as carrier density increases abgve N
the average direct band-gap and makes it easier to populai@e point at which the material begins to amplify the photon

inversions for given carrier densities.

whose energy fulfills the Bernard-Duraffourg conductiop (E

It is also noted that optical gain values decrease with in<< hv < Ey. - Ey,) for each box size (wherkv represents
creasing box sizes. Due to the increase in carrier density fdphoton energy).
population inversion in small-sized quantum boxes, the op- The gain coefficient of a smaller sized quantum dot has a
tical gain is higher in both cases for a small-sized box withhigher transparent carrier density value, than that of a larger

L =60A.

sized quantum dot. In comparison to the other two structures,

Rev. Mex. Fis69010503
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TaBLE Il. Comparative table of value of the maximum gain and peak transition energy for Gab8AI.N compressive and tensile strain.

L=60A Compressive strain Tensile strain
-0.25% -0.5% -0.75% 0.25% 0.5% 0.75%
Gain max (cm™') 17198 18074 18370 12505 8780 5092
Transition energy (eV) 3.665 3.668 3.67 3.615 3.611 3.609
2,0x10* — T T T T 14x10* T T T T T T T T
L]
A o 025% 4 . e 025%
1,6x10° - Tl '8-?50/2/ . L I A 0.5 %
R 1,040 | [y T 0B%
—5 120 | 800° | "‘1_ il
E‘J) " “‘ <] .
T 80«10 Jbtel 4 6,0x10° |- i
£ Y, i,
c oW 40410° |- 4 -
4010° - Py i L R
3 LY 2,0x10° R -
0,0 = s b 00 I ! 1
3,600 3,62 3,650 3,675 3,700 3,725 3,750 23'550 3575 3600 3625 3,650
Transition energy (€V) Transition energy (eV)

FIGURE 2. Optical gain spectra for a strained GaN/@Sla; N (|e...| = 0.25, 0.5 and 0.75%) quantum dot lasersat= 60 A N, =
3.10'° cm~3: a) compressive strain, b) tensile strain.
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FIGURE 3. Peak optical gain as a function of carrier density for a GalNi8a sN quantum dot laser with-0.5% compressive strain,
unstrained and 0.5% tensile strain for various sizes of quantum box.

we can see that the compressively strained quantum dot lassorb nor amplify the light of the lasing wavelength. Further-
has a lower transparent carrier density. On the other hananore, when compared to the other two structures, the tensile
while having the biggest differential gain, the tensile strainedstrained quantum dot laser has the highest transparent cur-
guantum dot laser has the highest transparent carrier densitgnt density, while the compressively strained structure has
Figure 4 shows the relationship between peak modal gain anthe lowest.
current density values for three distinct quantum box sizes To reach laser oscillation, it is necessary that the modal
with: compressive strain, unstrained and tensile strain struggain must be equal the total losseg,,;. The laser oscilla-
tures. This curve is significant because it depicts the relaton condition is given as [22-26]:
tionship between the three primary parameters: gain modal,
current density and side of quantum box length, and enables . . 1 1y
quick comparison of various quantum dots. Gimod = Lgun = cii + 2L, In (R) = oot (9)

It is apparent from this figure that the modal gain in-
creases as current density increases and remains almost con- In Fig 5, we show how threshold current density varies
stant at higher values of current density. with inverse cavity length for the three GaN(AIGa) sN

We also notice that as the side length of the quantum bofuantum dot lasers: compressive strain, unstrained, and ten-
increases, the transparency current dengity(intercept at ~ Sile strain atL = 100 A and N, = 3.10'? cm™3. Assuming
gain = 0) decreases. At this value, the active layer cannot agbat o; =5 cm™', R=10.3,n =1, L, = 2.4 mm and

Rev. Mex. Fis69010503
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TABLE Ill. Performance characteristics of GaNJAlGa sN quantum dot structures for various sizes of cubic boxes of -0.5% compressive
strain, unstrained and 0.5% tensile straidvat= 3.10'° cm~3.

Compressive strain unstrained Tensile strain
Side length(A) 60 80 100 60 80 100 60 80 100
Gain max (cm™1) 18421 10362 5921 15415 9688 5666 9079 7697 5053
Transition energy (eV) 3.669 3.56 3.507 3.626 3.54 3.501 3.612 3.525 3.48
Peak wavelenght(nm) 338 348 353 342 350 354 343 352 356
Emission spectrum uv uv uv uv uv uv uUv uv uv
N (10 cm™3) 0.580.250.13 0.926 0.390.2 1.48 0.63 0.32
Transparency current J;, (Alcm?) 78.06 41.13 26.9 148.37 69.6 33.4 163.37 88.58 57.24
Jon (Nem?) ary = 7.5 137.06 100.6 78.87 240.5 183 127 320208 194

are = 10 173 138.8 121.56 295.8 242 203 413 280.7 337.8
T T T T T 3 T T T T T 5[ T T T ]
20 4 15E 4 By
I1=60A I=80A FIA e
15 0 ,-/';'ff-/:: E ol il b J
< 0 = o st
< ool &b Y, e
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g of P ] ® 4
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Current density (A/enr) Current density (A/en) Cunrent density (Alenr)

FIGURE 4. Peak modal gain for GaN/AkGay sN quantum box as a function of current densityNat = 3.10'° cm3, for various box
sizes for—0.5% compressive strain, unstrained, and 0.5% tensile strain.
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FIGURE 5. Threshold current density versus reciprocal cavity
length for GaN/Ab.2Gay.sN QD structure of—0.5% compres-
sive strain, unstrained and 0.5% tensile strai.at 100 A and

N, = 3.10° ecm3.

L. = 4.8 mm. As can be seen from the graph, the thresh-
old current density rises as the reciprocal cavity length grows
due to a corresponding increase in mirror loss. As a result, a
long cavity length is required to obtain a low threshold cur-

rent density.

Table 11l shows a summary of the findings from this study.
Depending on the above results and Table Ill, we can de-

duce that:

e The value of optical gain increases as the quantum dot
laser size reduces. On the other hand, the value of the
threshold current decreases as the size of the box in-
creases.

Compressively strained quantum dot lasers are more
effective as a result of increased optical gain, while ten-
sile strained has a smaller impact.

In comparison to the unstrained and tensile strained
structures, the compressively strained quantum dot
laser has a lower transparent carrier dengify,.) and
transparency current density;,.). While the tensile
straine has the highest transparent carrier density and
transparency current density (for the same size), what
is important is the threshold current density that can be
defined by the total losses due to the facet transmis-
sion and to the intrinsic absorption. For example, we
can see that the compressively strained quantum dot
laser, for a smaller threshold gdity;,1 = a1 = 7.5
cm~! (long cavity length), will get a lower threshold
current density indicated by the intersection between

Rev. Mex. Fis69010503
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the threshold gain line and the curve of peak modalmance. The peak modal gain has been plotted as a func-
gain as a function of current density. tion of current density with the influence of strain and var-
, . . - ious quantum box sizes, as well as the threshold current den-
The quantum box’s optimal size for the minimum . . . ; .

sity with reciprocal cavity length. It is found that adequately

threshold is shifted to a longer length of the side be- ; i ) .

. . ) o0 U7 compressive strain improves the optical gain, and reduces the
cause low gain can be attained without CamermJeCt'onthreshold current. Eor a larger cavity lenath. a quantum dot
for the ineffective levels. Which means that the com- X 9 ylengn, aq

. . . . with a compressive strain has the minimul. So, better
pressively strained quantum dot is the optimal structure . . : .
with I = 100 A, a gain of 5921 cm' and a minimum performance can be achieved with a compressively strained

threshold current density of 78.87 A/érfor a cavity GaN/Al 2Ga.sN quantum dot laser witih, = 100 Aanda
long cavity length compared to unstrained and tensile strain
length of L. = 4.8 mm.

structures.
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