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Performance characteristics of GaN/A} ,Gay sN quantum dot laser at L = 100 A
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In this paper, a theoretical model is used to study the optical gain characteristics of Gal&\kN quantum dot lasers. The model is

based on the density matrix theory of semiconductor lasers with relaxation broadening. The effect of doping varying the side lengths of the
box in the structure is taken into account. A comparative study of the gain spectra of p-doped, undoped and n-doped structures of GaN cubic
guantum-dot laser respectively, is presented for various side lengths. The variation of peak gain on carrier density is also presented. The
effect of side length on the variation in modal gain versus current density is plotted too. The results indicate that the p type doping is efficient
to reach a better optical gain value, and to achieve low threshold current densities compared with undoped and n-doped structures, and the
optimum value for quantum dot width to achieve the lower threshold current density for the three dased (¥ A
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1. Introduction 2. Theoretical background

The semiconductor quantum dot active region takes full ady 1. Optical Gain Theory
vantage of the quantum confinement effect. The three dimen-

sional quantum confinement of carriers results in discrete Cafraking into account the intraband relaxation in the same way

rier energy level structure in a quantum dot active region [1-¢ i Ref. [2], the optical gain of quantum box lasers active
3]. Consequently, the quantum dot laser diode offers the P%egion is given by:
tential performance in high optical gain [1,2], low threshold

current density [2,4] and high characteristic temperature [1].

The use of quantum dots in nitride semiconductors is _w J[Ho R2
- 7 ) ) ) : 9(w) (RZ,)
more effective, since the zero-dimensional electronic states in nr\ €0 ;=
the QDs play an essential role for improving optical gain and Eo
threshold current characteristics particularly in wide band- ev(fe — fo)(R)/Tin) IE 1
gap semiconductors. (Eeo — hw)2 + (R/7in )2~ " (1)

llI-nitride based devices are of particular interest due to

their wide range of emission fl’equencies and their pOtentia| Here the Subscrim (or U) denotes the conduction band
for high-power electronic applications [5]. The band gap en+or heavy- hole band), wherg and, are the corresponding

ergy ranges from 0.7 eV for InN, 3.4 eV for GaN t0 6.2 €V for Fermj functions for electrons in the conduction and valence
AIN [6]. By adding Indium and Aluminum to GaN, ternary pands given by:

alloys can be formed with wide bandgap range of from 0.7

to 6.2 eV, which can cover the spectral range from deep ultra 1

violet (U_V) to infrared (IR) at room te_mpera'Fure [7.,8]. fe= 1+ exp(een — Epe) JKT” (2a)
In this work, we analyze the optical gain and threshold

performances of the GaN/AbGay sN quantum dots lasers, fo = .

based on the density matrix theory of semiconductor lasers 1+ exp(eon — Ef) /KT

with relaxation broadening [2] including the effect of doping

and side length of quantum box. Wheree,,, ete,, are the total energies of electrons and
The optical gain and threshold current density represenftoles for subbands.

the basic elements that must be optimized to produce a high FE., is a transition energy between the conduction band

performance quantum box laser, and are also important eknd valence band?,., is the dipole momenty is the angu-

ements in the study and comparison of the effect of p-typdar frequency of lightgy and iy are the dielectric constant

doping and n-type doping in GaN/pGay sN. and permeability of the vacuum,,, the intraband relaxation

! (2b)
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time (r;,, = 0.1 ps),n, is the refractive index ang., is the Whereq; is internal lossg is differential gain] is opti-
density of states for the QD, given by [2]: cal confinement factot, . is cavity length andV, is trans-
parency carrier density.
Geo(Eey) = 20(Eev = Eenmt — Eonmi Eg) ©) The threshold current density using threshold carrier den-
LoLyL, sity (V) is written as [2,14,15]:
Whered(E) is the delta function, and.,,,,,; and E,,,,. ol N
are the quantized electron and hole energy levels respec- Jip = N9z Vi )
tively of a quantum box structure in, y and z directions, Ts

respectively [9]. If we assume a structure consisting of Whereg is electron charge; is the rate of surface area of

GaN/Al.»Gay.sN quantum box with a dimension d@f,, Ly, 4,antum boxes included in the whole areds the number
and L, energy levels are expressed by the following equay yhe jayers of quantum box array andis carrier life time.
tion, where the barrier height in the potential profile is as-

sumed to be infinite [10]:

52 o\ 2 ) 2 I\ 2 3. Results and discussion
= () () ()

2mg \ \ Lo Ly L. It's assumed that the quantum dot structure studied has a GaN

) 9 9 5 in the form of cubic active layer of side length{{ = L, =
B, = h ((m) + (W) + (l”> ) (4b) L, = L,)sandwiched between AbGa, gN barriers (Fig. 1),
2m3 L, L, L, using quantum box model we calculate quantum dot quan-
) tized energy levels for conduction and valence bands which
Whererm; andm;; are the effective masses of an elec- 5 implemented in the model described above to calculate
tron and hole respectively, m andl denote the label of the ¢ otical gain . The parameters used in calculation are listed
guantized energy levels in the box. in Table I.
In Eq. (1), we have supposed that the electron and hole in Figure 2 presents a comparison between optical gain

the qgantum box are in equmbm_Jm determined by the quaSI'spectra of undoped structure for GaN quantum dot and p-
Fermi levelsE. andE, respectively.

. doped structure with acceptor densitiés = 5 x 10'® cm™3
E¢.andEy, are related to the electron and hole densities P P »

injected into the quantum box as [2,7]:

2 TABLE |. The parameters used in the calculations (is the free
N = Eopi—E ’ (53)  glectron mass)
ol [1 + exp (%)} L,L,L,
GaN AIN
2
P= Z - . (5b) Band gap energy,(eV)) 3.43 6.2
fe vnml
nml [1 +exp (T)} LoLyL. Electron effective masst.) 0.2m 0.3m
In the approach of Egs. (1), (5a) and (5b), we have as- Heavy hole effective mass¢m) ~ 0.8m  1.14m
sumed the transition from the first conduction band to the refractive indexu.. 2.67 2.03
first valence band (heavy hole band) because the density of  Spin orbit splittingA... (V) 0.019 -0.164
states of light hole band is smaller than that of the heavy hole
band and it's probability to occur is more significant than of
the other transitions . CB
, o - _ Ecl
22. Hfectsofimpuriesdoping | | EcO
The presence of donors or acceptors can be accounted by re Eg2
placing N in Eq. (5a) byNV + Ny and N in Eq. (5b) by Egl
N + N,.
Where N, and N, are the donor and acceptor densites | [ EvO
respectively [10,11]. Evl
VB S
2.3. Threshold current density Al ,Gay gN GaN Aly,Gay N

The threshold carrier density is calculated using the follow-g,gyre 1. One-dimensional scheme of the band diagram of GaN
ing equation [12]: based quantum dot. CB: conduction band; VB: valence band; Eg1:

1 1 1 band gap of GaN; Eg2: band gap of¢AlGa sN, ECO/EVO are
Ny, = Ny + — (ai +—1In (>) (6) ground quantized energy levels of electron and hole in CB and BV
la 2L, R respectively.
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Wavelength (um)

ing optical gain with confinement factor. When the modal

0346 L 0.342 e 0338 e gain overcomes the total loss, the lasing action takes place. It
20010 | . —+—N=5.10"cm" | is expressed asy,,, = I' - g wherel is optical confinement
3 —#— undoped factor.
e | ] 4 N5.10"m” _The variation of modal gain on current density values for
’ f \ different sizes of quantum box of three structures p-doped,
§ 1.2x10° | / [“x\.\‘ 1 T T T T
5 / /';-". -é\ | 2,0x10* | p-doped Feoum
2 souic’ |- / 7/‘/' I \.\ . it
& i 1Y I\
3 P/.f/:;f :E \.3 - 15010 - _l l ]
4,0x10° ...,.‘::; gg:'-.. R % { \
00 : ! L '§n 1,0610° - L:ﬁnm f; ‘1 |
358 3,60 362 364 366 368 & o Pl
Transition energy (eV) g- 1=10nm ./'/ .\-\. .,-/. 1
FIGURE 2. Optical gain versus transition energy of undoped 50x10° - A,.“A‘AA / ]
structure compared with gain spectra of p-dopiny,( = I €T & & foooy
5 x 10" em™3) and n-doping ¥y = 5 X 10'® ecm=3) for f éé N\ i"' g
GaN/Aly.2Ga.sN quantum dot laser d = 60 A, N, = 2 x 10*° g oo — e —
cm™3, a) Transition energy (¢V)
1,2x10° T T T T T
and n-doped structure with donor densitigg = 5 x 108 L=6nm
cm~2 at side length of quantum dat = 60 A and injection e "1
carrier N, = 2 x 10 cm3, where we observed a higher fitin Il
optical gain value in p-doped structure than that in undoped 800 A I \ i
or n-doped structure. o Jl\ f 1
The p-type doping effectively decreasgssinceNN is in- ? ol IR | |
creased taV + N,, causing an increase ifi — f,. On the = A " / i I
other hand, n-type doping does not give rise to significantin- £ ;gL fﬁ I ‘\ ,’ } J
crease inf, — f, whenN is increased tav + N,. - [ p 4
In Fig. 3, the optical gain is plotted as function of the pho- i i4
ton energy for various side length of a cubic quantum box for EoAF 3\ Fi \
p-doped, undoped and n-doped structures respectively; it is 00 A s
observed that the gain is higher at= 60 A for both cases - = o = =
due to the increase of carrier density for population inversion b) | T“’f‘“me‘fergY(ﬁ“ |
in small size quantum box. On the other hand, when the size
of the quantum dot increases, the carriers in the box are dis-  12¢0°} e e ]
tributed over useless levels, and the separation between en- r“\
ergy levels is not enough to obtain high gain. It should also L=8om H
be noted that the p-doped structure has the best value of max- o e b { 1
imum gain compared to the other structures. ST 1\ 11 i
Figure 4 shows the high sensitivity of maximum gain to E) L—10mm / | '
changes in carrier density for different values of quantum 3 a T I
box’s size of p-doped, undoped anddoped structures re- S aoxio’ 14 ’ { / i .
spectively. IS AR
It shows also for both cases, two regions (positive side) I s F 5
and absorption (negative side) and that give us the value of oo ﬁ z § '.5" g

the transparency densify,,. from which the material begins

3,55 360

to amplify the photon whose energy satisfies the conduction c)
of Bernard-Duraffourgl, < hv < Ef.—Ey,) for each box

size (wheréw is photon energy).
The modal gain is also a fundamental characteristic fopoded and n-doped\i; = 5 x 10'® cm~?) for GaN quantum dot

lasing action in hetero-structures. It is obtained by multiply-laser for different sizes of quantum box/sit = 2 x 10** cm

Transition energy (eV)

FIGURE 3. Gain spectra of p-doped\, = 5 x 10'® cm™3), un-

—3
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FIGURE 4. Dependence of peak optical gain on carrier density in GaN QD of p-dapgd=¢ 5 x 10*® cm~2), unpoded and n-doped
(N4 =5 x 10*® cm™3) structures for different sizes of quantum box\at = 2 x 10*° cm™3,

T T T T T 20
T T T T L LI LI
20 T T T

g 8 1 &
5 5 E
o | 1 = = |
R z g
p p= K = J
A0FS - i
20 p-doped :: pdoped : = p-doped
—+—undoped K *~— undoped bl —— undoped |
4 n-doped —+—n-doped 1 —+— n-doped
L L 1 L ! 20 I ! L I L I L 12 L L L
0 50 100 150 200 250 300 0 50 100 150 200 250 300 350 400 0 100 200 300 400 500
a) Current density (A/em’) b) Current density (A/cm’) ©) Current density (A/cm’)

FIGURE 5. Modal gain as function of current density for GaN§AIGa, sN QD structure for different sizes of quantum box of p-doped
(Na = 5 x 10"® cm™?), unpoded and n-dopedV = 5 x 10'® cm~2) structures afV, = 2 x 10*° cm™3.

TaBLE |l. Performance characteristics of GaNJAlGa sN QD structure for different sizes of cubic quantum box of p-dopadd (=
5 x 10*® ecm™?), unpoded and n-doped; = 5 x 10'® cm™?) structures afV,, = 2 x 10'° cm=2.

‘ p-doped ‘ undoped n-doped
Side length {) 60 80 100 60 80 100 60 80 100
Gain max (cn?) 19545 10483 5897 10909 8608 5420 12500 8948 5478
Transition energy (eV) 3.626 3.54 3.5012 3.626 3.54 3.5012 3.626 3.54 3.5012
Peak wavelenght(nm) 342 350 354 342 350 354 342 350 354
Emission spectrum uv uv uv uv uv uv uv uv uv
N (101 cm™3) 0.073 0.06 0.019 0.926 0.391 0.2 0.71 0.215 0.075
Transparency current,J(A/cm?) 9.35 8.83 6.72 148.37  69.67 334 91.1 37.57 15.58
Threshold current densityJ (A/cm?) 56.68 56.2 52.38 237 178.1 136 176 108 78.3

undoped and n-doped is plotted in Fig. 5. This last figure ighe side length of quantum box. Moreover, the slope of the

particularly useful because it shows the interrelation amongain versus current density plot decreases with increasing of
the three parameters of interest: gain modal, current and sidbe side length of quantum box.

of length of QD, and allows immediate comparison between For laser oscillation, the modal gain must equal the to-

different quantum dots. tal lossesayra. The laser oscillation condition is given as
From this figure: we observe a parabolic increase for ini{16,17,18]:
tial values of the current density but it saturates afterwards in- 1 1
dicating very small or negligible increase in modal gain with Grod = L'gtn = a; + Y In (R) = Quotal- (8)
(&

change in current density, we note also, that the transparency

current density/;,. (intercept at gain =0), which is the value Assuming thato; = 5cm™', R = 0.3, n = 1 and

at which the active layer neither absorbs nor amplifies thd.,, = 4.2 mm, the threshold current densitl;, that cor-
light at the lasing wavelength, decreases with increasing ofesponds to the modal gain value that satisfies the oscillation
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condition can be obtained from the modal gain-current den4. Conclusion

sity plots [19,20].
P [ ] In this paper, we have investigated the optical gain charac-

From these curves and Table Il summarizing the resultsteristics of GaN/A} .Ga sN quantum dot laser and the ef-
we can deduce that the p-type doping makes it possible to irfect of doping and size of quantum dot on its performance.
crease the gain peak and to reach an emission threshold féve have presented also the modal gain characteristics of
low carrier concentrations relative to the undoped or n-dope@GaN/Aly s Ga, sN QD for both structures. The variation in
case, which makes it possible to achieve at minimum valuemodal gain with increasing current density has been plot-
of threshold current densities, and that the optimum size ofed with the effect different sizes of quantum box. The
the cube for lowest threshold is shifted to longer length offollowing findings can be stated: the effect of p-doping is
the side because low gain can be achieved without carrier irefficient by increasing gain; n-doping has less effect and
jection for the useless levels. Which gives that the optimabain increases with reducing quantum box size. The re-
structure is p-doped structure wifh = 100 A, the value of  sults indicate also that better performance can be achieved
the gain is 5897 cm' and the minimum value of threshold with GaN/Al, ,Ga, sN p-doped quantum dot laser with

current density is about 52.38 A/ém L = 100 Acompared to undoped and n-doped structure.
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