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Material Gain Engineering in Staggered Polar
AlGaN/AIN Quantum Wells Dedicated for
Deep UV Lasers

Marta Gladysiewicz

Abstract—Material gain is calculated for polar staggered
Al,Ga;_N/AIN quantum wells (QWs) of various architectures:
i) with a step-like Al,,Ga;_y N barrier grown prior the Al,Ga;_ N
QW, ii) with a step-like barrier grown on the QW, and iii) with a
step-like barrier grown prior and on the QW. The obtained results
are compared with those obtained for reference Al,Ga;_,N/AIN
QWs. With the increase in Al concentration in the reference QW
the gain peak blueshifts and its strength decreases mainly due to
the Al-related increase in the electron effective mass. The step-like
barrier is able to tune the spectral position of the gain peak and
enhance the gain strength. For the staggered QWs with step-like
barriers grown prior to the QW a blueshift of the gain peak is
observed while a redshift of the gain peak is observed for QWs with
the step-like barrier grown on the QW. It is shown that a strong
material gain in the 260-280 nm spectral range can be achieved with
the staggered Al,Ga;_.N/AIN QW with x = 30% and 1 nm thick
step-like Al, Gal-yN barrier of high Al concentration (y = 0.7-0.9).
The increase in Al concentration in the staggered QWs shifts the
gain peak to deeper UV but the strength of material gain decreases.

Index Terms—Gain, modeling.

1. INTRODUCTION

ASERS operating in the UV-C (280-200 nm) spectral
L region are interesting for many applications including wa-
ter purification, bio-agent detection, and pathogen sterilization
[1], [2]. Among semiconductor heterostructures polar AlGaN
quantum wells (QWs) are utilized as the active region for
UV laser diodes (LDs) [3]-[7]. The polar LD structures are
commonly fabricated on a c-plane surface orientation since it
is most suitable for the growth of high-quality wurzite group-III
nitrides. So far a successful realization of electrically pumped
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LDs with polar AlGaN QWs has been reported by a several
groups [8]-[12], but despite the significant progress made in this
field LDs with wavelengths shorter than 280 nm have not been
reported yet. The main important challenges for realization of
UV-C LDs include i) the reduction of large densities of defects
and dislocations, ii) very inefficient n- and p-type conduction
in Al-rich AlGaN claddings, which is associated with a high
activation energy of dopants [7], and iii) the non-optimized
active region in terms of the material gain.

The first challenge seems to be overcome, because in recent
years significant progress has been made due to the development
of high quality AIN substrates with low dislocation density.
Currently large area AIN substrates with threading dislocation
densities 3 sities of ~10° ¢cm? are available [13]-[15]. Such
substrates are natural candidates for the growth of AIGaN QWs
dedicated for LDs operating in the UV-C spectral region. More-
over it has been shown that AlIGaN QWs with high internal quan-
tum efficiency (~80%) can be grown on such substrates [16],
and optically pumped AlGaN QW lasers emitting in deep UV
can be fabricated [17]-[20]. It means that electrically pumped
AlGaN LDs operating in UV-C spectral region start to be more
realistic and further progress in this field should be addressed to
the carrier conduction/injection issues and the properly designed
AlGaN QW region. This article is addressed to the last issue.

Due to spontaneous and piezoelectric polarization in AlIGaN
QWs [21], [22] the optimal QW contents and widths of the
active region in LDs are very unintuitive and differ very sig-
nificantly from this which is known for non-polar QWs such as
InGaAs/GaAs or InGaAsP/InP QWs. In general similar material
conditions are present for polar InGaN/GaN LDs. In this case
very thin InGaN QWs are utilized [23]-[25] since a compromise
between good quantum confinement and the large electron-hole
overlap is present for 1.5-2.5 nm wide QWs. AIGaN/AIN QWs
exhibit smaller built-in electric field than InGaN/GaN QWs
due to weaker polarization effects. Thus conclusions from In-
GaN/GaN QW system (i.e., the optimal QW width etc.) cannot
be completely adopted to AlIGaN/AIN QWs. In addition changes
in the valence band structure in AlGaN, which appear due to
changes in the content of this alloy, additionally complicate
the optimization of the AlIGaN/AIN QW active region for LD
applications.

For wurtzite structure, the top valence band at the I' point
is split into three bands due to the spin-orbit interaction and
the crystal-field splitting. Because of a positive value of the
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Fig. 1. Sketch of quantum confinement potential and energy levels for non-
polar square QW and staggered QW.

crystal-field splitting in GaN (10meV [26]), the topmost va-
lence band in this compound is the heavy hole (HH) band,
which is composed of atomic p orbitals perpendicular to c-axis.
Therefore, the transition between the conduction band (CB)
and HH band is allowed for electric field perpendicular to
the c-axis (E_Lc). It means that the spontaneous emission is
transverse-electric (TE) polarized and its propagation along the
c-axis is allowed and thereby strong. Because of a negative
value of the crystal-field splitting in AIN (—169meV [26]), the
topmost valence band in this compound is a crystal-field split-off
(CH) band, which is composed of atomic p orbitals parallel to
the c-axis. Therefore, the transition between the CB and CH
band is allowed for electric field parallel to the c-axis (E||c). It
means that the spontaneous emission is TM polarized and its
propagation along the c-axis is weak. With an increase in Al
concentration in AlGaN the CH band moves closer to the CB
relative to the HH band, which triggers the switch from TE-
to TM-polarized emission when the CH band crosses over the
HH band and thus becomes the topmost band. For AIGaN QW's
grown on AIN substrate the built-in compressive strain and the
quantum confinement strongly influence the light polarization
for the fundamental transition.

For edge-emitting AlGaN QW LDs, it is favorable to have
the active region with the fundamental transition which is TE
polarized. Such conditions are rather difficult to achieve in
AlN-rich AIGaN QWs and therefore LDs and light emitting
diodes operating in UV-C spectral range are more challenging.
To overcome this problem GaN-rich AIGaN/AIN QWs can be
applied but the architecture of the QW region (i.e., compositions
and thicknesses of proper layers) has to be carefully optimized
in order to achieve shorter wavelengths. In this article various
architectures of staggered AIGaN QWs compressively strained
on AIN are carefully analyzed.

In the staggered QWs step-like barriers are introduced, see
Fig. 1. In the case of non-polar QWs the influence of step-like
barriers is very intuitive. Usually such barriers help to shift the
emission to longer wavelengths and improve the carrier injection
to the QW area as schematically shown in the sketch in Fig. 1.
For polar QWs the influence of step-like barriers is less intuitive
because of polarization effects that are responsible for strong
electric field and thereby different shape of QW potential. In
this case the staggered QWs were explored quite intensively
for the InGaN material system [25], [27]-[31], but they were
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not intensively studied for the AlGaN material system. Only
a few papers consider such a QW architecture [32], [33]. For
InGaN QWs it has been shown that the step-like barrier sig-
nificantly changes the confinement potential. This modyfication
strongly change the electron-hole overlap and thereby influence
the material gain [27]. Theoretical studies of the material gain
are very important for the development of semiconductor lasers
and therefore they are often performed [25], [34]-[36]. Such
studies were also performed for AIGaN QWs dedicated for UV
emitters [37]-[40] but the issue of staggered AlIGaN QWs is still
open.

II. THEORETICAL APPROACH

The electronic band structure of AIGaN QWs is calculated us-
ing 8-band kp Hamiltonian which is given in details in Ref. [37].
Because of the large band gap of AlGaN the interaction between
the CB and the VB is neglected. It means that the calculation
problem is reduced to the effective-mass Hamiltonian for the CB
and the 6-band kp Hamiltonian for the VB. The Hamiltonian for
the VB is consistent with this applied by other authors [41]-[47].

The valence band offset (VBO) between the Al,Ga;_N and
AIN is defined for unstrained materials, see Ref. [37]. A linear
approximation is used to obtain the valence band position in Al-
GaN layers of different Al concentrations. In this approximation
the VBO between GaN and AIN is taken from Ref. [26] to be
0.8 eV. The band gap of AlGaN is calculated using Eq. (1) with
the bowing parameter b = 0.7 eV [26].

AlGaN __ AIN GaN
E, =xB) +(1—2) B/ —bx (1 —2) (1)

The influence of the compressive strain on the electronic band
structure is calculated according to the Bir-Pikus model [48],
details can be found in Ref. [37].

The electric field in the AliGa; (N QW and step-like
AlyGay_yN barriers is calculated according to periodic boundary
conditions [49] Eq. (2)

l,P, l
Z M,Pnz Za
Fn: q g4 : q eq (2)
En gz

where the sum runs over all the layers. ¢4, P,, and [, are the
dielectric permittivity, total polarization, and width of the g-th
layer, respectively. The total polarization is given by Eq. (3)

P,=P5+PF (3)

where P2 and PP mean the spontaneous and piezoelectric
polarization in n-th layer, respectively. Spontaneous polarization
in Al,Ga;_«N alloy is calculated according to Eq. (4)

Piigany =Py + (1= 2)Pi,n +bz(1—2) ()

where b is the bowing parameter for the spontaneous polarization
in Al,Ga;_N, which is assumed to be —0.021 C/m? [26]. The
piezoelectric polarization was calculated using Eq. (5)

C
Phican = <€31 - 6330;2) (€xx + €yy) (%)

where ci3 and c33 are the elastic constants, ey, and €y, are
strains defined as: €,, = €, = (ag — a)/a, where ag and a are
the lattice constants of the AIN substrate and the Al,Ga;_ N
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layer, respectively. The piezoelectric tensor components (e3;
and es3), elastic constants (c3 and c33), and remaining material
parameters are calculated for AIGaN according to the linear
interpolation given by Eq. (6)

aAiGaN = oqn + (1 — 2)agen (6)

where o 4; v and ag, v are parameters of binary materials. All
parameters of binary semiconductors used in our calculations
are taken from the review paper on material parameters in I1[-N
[26]. For recent years some parameters were updated, but they
do not vary significantly and therefore we decided to take the
material parameters from one source for this study.

The material gain for AlIGaN QWs is calculated for a given
carrier density. This density in the CB and VB is calculated
by the integration of product of the occupation probability of
carriers (i.e., the Fermi-Dirac distribution) and the density of
states, p(k), over the entire band. The Fermi-Dirac distribution
for electrons (fcp) and holes (fy ) in the QW is given by
Eqgs. (7) and (8)

fos (Ecp (k) Efp) = <1 +exp (ECB(k)_EgB))l

kgT
(7
Evg (k) — EE B
fve (Ecs (k) 7E(};B) = <1 +exp (W))

®)

where kp is the Boltzmann’s constant and 7 is temperature.
Note that the carrier density determines the quasi-Fermi levels
Ef; and EE 5 for the CB and VB, respectively, and vice versa.
The carrier density in conduction () and valence (P) band is
calculated according to Egs. (9) and (10)

Eumax

p(k) foB (Bney (k) EER) dk (9)

kmax
P=Y" / p(k) [1 = fup (Bny, (k), BER)] dk
(10)

The integration is carried out in k space with the density
of states taken from kp calculations. ky, .y is the integration
limit determined by convergence of integrals given by Eqgs. (9)
and (10). A method based on the relaxation time approxima-

tion convoluted with a Lorentzian function (L(ncp, ny p, k) =
h/Tb

A(ncpmve,k) (/)" " . .

ence) with the broadening time 7, = 0.1 psis applied to calculate

the material gain spectra [34]. In this approximation the TE and
TM mode of the material gain is given by Eq. (11):

o e () = CoB™ > [dk (facy (k) = fays ()

nce, MVB

2
X Z |M|1’CB*J'HHTE(TM> L(nc,nva, k)
0,J

>, where A is the proper energy differ-

(1)

where Cy = ¢%/(wmo?mpesp) (q—elementary charge; w —

angular frequency, m, — electron mass; 7, — broadening time
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Fig.2.  Valence band position for (a) unstrained AlGaN and (b) AlGaN strained
on AIN. The inset shows the energy difference between the HH and LH band.

previously defined; ¢ — speed of light; € — dielectric constant),
i and j represents, respectively, the electron and hole subbands,
S in this case is the propagation constant of the TE (TM) mode,
IMIZ6B v Bygorsy, 15 the matrix element of TE (TM) mode,
see details in Ref. [37].

III. RESULTS AND DISCUSSION

Fig. 2 shows the order of valence bands in unstrained AlGaN
(panel a) and AlGaN compressively strained on AIN (panel b).
For unstrained AlGaN the spontaneous emission is TE polarized
only for low Al concentrations since in this range the fundamen-
tal transition is between the CB and the HH band. In order to shift
the QW emission to shorter wavelengths Al concentration has to
be increased and therefore TE polarization of the spontaneous
emission is lost. For AlGaN compressively strained on AIN (i.e.,
the case of AIGaN/AIN QWs) the TE polarization is preserved
to much higher Al concentrations comparing to the unstrained
case (~68 vs ~12%, see the grey arrow in Fig. 2) because of the
strain induced modifications in the VB. The switching between
the TE and the TM polarized fundamental transition is present
for lower Al concentrations if AlGaN QWs are grown on virtual
AlGaN substrates, see Ref. [37]. Therefore AIN substrate is the
most promising choice from the viewpoint of achieving the TE
polarization for light emitters in the UV-C spectral region.

According to Fig. 2(b) the strategy for obtaining an active
region for light emitters with the TE polarized fundamental
transition is the following: the AIGaN QW grown on AIN should
be with an aluminum concentration lower that ~60% and the
emission wavelength and material gain should be controlled
by the QW width. Because of weak electron-hole overlaps in
polar QWs only narrow QWs (1-2 nm) have a positive material
gain [37]. In this case such narrow QWs can be unfavorable
because of a weaker carrier injection to the active region with
a deep confinement potential. It is also expected that a step-like
barrier is able to improve the carrier injection. In this context
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Fig. 3. Sketch of quantum confinement potential for polar QW (HA) and
staggered QW with step-like barrier prior the QW (HB), on the QW (HC), and
prior and on the QW (HD).
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Fig.4. TE (solid line) and TM (dashed line) mode of material gain calculated
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N(1 nm)/AIN QW, (¢) Alg.s Gag.oN(1 nm)/AlxGal-xN(1.5 nm)/AIN QW,
and Alg.gGap 2 N(1 nm)/AlxGaj_xN(1.5 nm)/Ajg.gGag.2N(1 nm)/AIN QW of
various Al concentrations in AlxGaj_xN QW. Calculations are performed for
the carrier concentration of 3 x 10! cm—3

it is interesting to calculate and analyze the material gain for
staggered AlGaN QWs.

Fig. 3 shows the sketch of staggered QWs which are analyzed
in this work. The heterostructure A (HA) is Al,Ga;_.N/AIN QW
which is a reference QW for staggered QWs. The heterostruc-
ture B (HB) is the staggered Al Ga;..N/Al,Ga;_,N/AIN
QW with the step-like Al;Ga;_¢N barrier grown prior the
AlyGa; «N QW. The heterostructure C (HC) is the staggered
AlyGa; yN/AlL,Ga;_  N/AIN QW with the step-like Al,Ga;_yN
barrier grown on the Al,Ga;_ N QW. In the case of non-polar
QWs the HB and HC are identical from the viewpoint of the
electronic band structure and the material gain, while in the case
of polar QWs the two situations are completely different as will
be shown in the next part of this article. It is also worth noting that
the HB grown on N-polar AIN surface corresponds to the HC
grown on Al-polar surface and vice versa. The heterostructure D
(HD) is the staggered Al,Ga;_.,N/Al,Ga;_.N/Al,Ga;_,N/AIN
QW with the step-like Al;Ga;_,N barrier grown prior and on
the Al,Ga;_ N QW.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 25, NO. 6, NOVEMBER/DECEMBER 2019

HA HB HC HD
(a) lI\IXGaI1_XN;AIN '

T T T T T T T T T T T T T
(b) AIXGa1_XN/bamer (c) barrier/Al,Ga N 1(d) barrier/Al, Ga,_ N/

barrier

“0 2 4 6 80 2 4 6 80 2 4 6 80 2 4 6 8 10
Distance (nm) Distance (nm) Distance (nm) Distance (nm)

Fig. 5. Quantum confinement potentials and wavefunctions for the funda-
mental electron and heavy-hole state for (a) AlyGaj_xN(1.5 nm)/AIN QW,
(b) AlxGaj;_xN(1.5 nm)/Alp gGag.2N(1 nm)/AIN QW, (c) Alg.gGag 2N(1
nm)/AlxGaj_xN(1.5 nm)/AIN QW, and Alg.gGag.2N(1 nm)/Al,Gay_«N(1.5
nm)/Alg. §Gag oN(1 nm)/AIN QW of various Al concentrations in AlyGaj_xN
QwW.

Fig. 4 shows the material gain calculated for AIGaN/AIN QW's
of various Al concentrations (reference heterostructures) and
the staggered HB, HC, and HD. The thickness of Al,Ga;_«N
QW and the step-like Al,Ga; N barrier is the same for all
these heterostructures and equals 1.5 and 1 nm, respectively.
The content of Al,Ga; N QW is changing from 0 to 60%. For
Al,Ga;_N/AIN QWs the gain peak shifts to shorter wavelengths
and its strength decreases with the increase in Al concentration,
see Fig. 4(a). The blueshift of gain peak is obvious in this case
and is associated with the band gap increase in AlGaN alloy.
The decrease of the peak intensity may be less obvious, but
having in mind that the electron-hole overlaps does not change
significantly for this set of QWs, see Fig. 5(a), we can attribute
this decrease in the gain maximum to the electron effective mass
increase. Since the last feature is an intrinsic property of the Al-
GaN alloy the observed decrease of the material gain maximum
at a given carrier concentration is also an intrinsic property of
AlGaN/AIN QWs. The consequence of higher effective mass
is the observation of a positive material gain at higher carrier
concentrations for Al,Ga;_N/AIN QWs with higher Al content.
It means that higher threshold currents are expected for lasers
emitting shorter wavelengths.

To illustrate this phenomenon the material gain was calculated
for different carrier concentrations for Al,Ga;_N/AIN QWs
with x = 0, 30, and 50% Al and plotted in Fig. 6(a). In addition
the threshold carrier concentration (ny,) was determined, see
Fig. 6(b), and plotted versus the threshold wavelengths (A ) in
Fig. 6(c). The threshold wavelength in this case is defined as the
wavelength at which the material gain starts to be positive, see
Fig. 6(a). It is worth noting that the blueshift of the gain peak
with the increase in the carrier density is typical for polar QW
and is associated with the partial screening of the built-in electric
field and the contribution of excited states to the material gain
due to their occupation at high carrier concentration [37].

It is also worth to comment that the threshold current can
be strongly influenced by the material quality i.e., point defects
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Fig. 6. (a) TE (solid line) and TM (dashed line) mode of material gain
calculated for various carrier concentrations for AlyGaj_xN(1.5 nm)/AIN QWs
with x =0, 0.3 and 0.5. (b) The peak maximum of TE and TM mode of material
gain calculated for Al,Gaj_«xN(1.5 nm)/AIN QWs with x = 0, 0.3 and 0.5.

etc. But here is a direct correlation between the threshold cur-
rent and the threshold carrier concentration for a perfect QW
system. Therefore the Fig. 6(c) clearly shows that an increase of
threshold carrier (current) concentration is expected with a shift
to shorter wavelengths.

For the staggered QWs a shift of the gain peak and a change
in its strength and shape is clearly observed if we compare
these QWs with the reference QWs, see curves with the same
colors in Fig. 4. It is because of the polarization effects, which
very strongly influence the quantum confinement potential, see
Fig. 5, and thereby shift the emission wavelength and change the
electron-hole overlaps. With the step-like barrier it is possible
to achieve a blueshift as well as a redshift of the gain peak,
see arrows in Fig. 4. Therefore the staggered polar QWs are
very unintuitive regarding the expected emission wavelength
and other parameters if we compare these QWs to staggered
non-polar QWs.

The spectral position of the gain peak, its strength and shape
also change with the thickness and content of the step-like
AlyGa;_yN barrier. In order to analyze this issue, Al,Ga; (N
QW with x = 30% has been selected since the gain peak for
these QWs is in the UV-C spectral range.

Fig. 7 shows the material gain calculated for Aly 3Gag 7N
QWs with a 1 nm thick step-like Al,Ga;.yN barrier of vari-
ous Al concentrations. The quantum confinement potential and
wavefunctions for electrons and holes for these QWs are shown
in Fig. 8. It is observed that the decrease in Al concentration in
step-like barriers leads to a redshift of the gain peak for all three
staggered Al 3Gag 7N QWs, but for the HB this shift is weaker
and the gain peak position is shifted to blue if we compare it
with the gain peak position for the reference Aly 3Gag 7N/AIN
QW. In addition it is clearly visible that for all these cases a
decrease in the peak intensity of material gain takes place with
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Fig. 8. Quantum confinement potentials and wavefunctions for
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AlyGai_yN(Inm)/AIN QW of various Al concentrations in the step-like
AlyGaj_yN barrier.

the decrease in Al concentration in the step-like Al,Ga;yN
barrier. It is because of weaker electron-hole overlap as seen
in Fig. 8. Too low Al concentration in Al,Ga;_,N barrier allows
a significant penetration of the step-like barrier by holes and
electrons for HB and HC, respectively, see Fig. 8. It clearly
shows that the two situations are very different. For HB it can
be very unfavorable since electrons are strongly confined in the
Alp.3Gag 7N QW while for HC it is less important since the
electron wavefunction penetrates both the Alg 3Gag 7N QW and
the step-like Al,Ga;_yN barrier, see Fig. 5. A very interesting
situation is present for HD. In this case the bottom step-like
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Fig. 9. TE (solid line) and TM (dashed line) mode of the material

gain calculated for (a) Alp.3Gap.7N(1.5 nm)/AIN QW and the staggered
QWSI (b) A10,3Ga0,7N(1.5 nm)/Alo,gGaojN(d)/AlN QW, (C) AlolgGaolzN
(d)/Alg.3Gag.7N(1.5 nm)/AIN QW, and Alg.gGag.2N(d)/Alg.3Gag.7N(1.5
nm)/Alg.8Gag.oN(d)/AIN QW of various thickness of the step-like
Alp.gGag 2N barrier d = 1, 2, and 3 nm. Calculations are performed for the
carrier concentration of 3 x 10%cm 3.

barrier leads to a penetration of this barrier by holes while the top
step-like barrier leads to a penetration of this barrier by electrons.
Therefore the gain peak is broader comparing to the reference
QW. Comparing the gain maximum for staggered QWs and the
reference QW itis observed that an enhancement of material gain
is achieved for the HB and HD while HC shows significantly
more weak material gain.

Similar features are observed for staggered Al,Ga; N QWs
with x = 50% (not shown here). In this case we found that the
Al concentration in step-like Al,Ga;_yN barriers cannot be too
low since electrons (holes) penetrate these barriers too strongly
(or even localize in these barriers if the difference between Al
concentration in QW and barrier is too low). Such conditions
decrease the electron-hole overlap and lead to a very broad
gain spectrum compared to the reference QW and the positive
material gain at higher carrier concentrations.

The analysis of the step-like barrier thickness on the gain
spectrum of staggered Al,Ga; N QWs with x = 30% is shown
in Fig. 9. The quantum confinement potential and wavefunctions
for electrons and holes for these QWs are shown in Fig. 10. With
the increase in the step-like barrier thickness the gain spectrum
shifts due to changes in the quantum confinement potential. The
step-like barrier is stronger penetrated by electrons with the
increase in barrier thickness for the HB, see Fig. 9. Moreover a
smaller energy separation between the fundamental and excited
hole levels is present for the staggered HB with thicker barriers
and therefore the gain spectrum is weaker and very broad in
this case, see Fig. 9(b). For the HC the situation is different, the
fundamental hole level is well separated from the excited hole
levels and therefore the gain spectrum is narrow, see gain spectra
in Fig. 9(c) and quantum confinement potentials in Fig. 10(c). A
intermediate situation is observed for the HD. A strong decrease
of the maximum of material gain is observed with the increase in

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 25, NO. 6, NOVEMBER/DECEMBER 2019

7
(a) 6W/AFyGa11yN(d;/AIN (b) AlyGa:,yN(J)/QV\;/A\N («:)'Alyéaw,'yN(('i)/Q'W/I
6 Al Gay  N(d)/AIN
5 _
4 i
% 3 | =—d=1nm 1 1 i
g ——d=2nm
3 ~——d=3nm
= 2 L iR 4 4
)
c
w
0
-1
-2
0 2 4 6 8 0 2 4 6 8 0246 8101214
Distance (nm) Distance (hnm)  Distance (nm)
Fig. 10. Quantum confinement potentials and wavefunctions for the
fundamental electron and heavy-hole state for staggered QWs: (a)

Alp.3Gag 7N(1.5 nm)/Alg.3Gag 7N(d)/AIN QW, (b) Alg.gGag oN(d)/
A10'3Ga0'7N(1.5 nm)/AlN QW, and (C) Alo'8Ga0'2N(d)/A10,3Ga0,7N(1.5 nm)/
Alp.g8Gag.2N(d)/AIN QW of various thickness of the step-like Alp.gGag 2N
barrierd = 1, 2, and 3 nm.

TABLE I
COMPARISON OF THE MATERIAL GAIN SPECTRA OF HB, HC, AND HD WITH
THE REFERENCE HA AT THE CARRIER CONCENTRATION
EQUALS 3 x 10" cm—3

Staggered QW structures HB | HC | HD
(30 % Alin 1.5 nm wide QW and 80 % Al

in 1.5 nm thick step-like barriers)

TE gain maximum value, I/Ina 1.26 | 0.39 | 1.30
TM gain maximum value, I/Ina 1.11 | 042 | 1.19
Wavelength for TE gain maximum (nm) 267 | 279 | 273
Wavelength for TM gain maximum (nm) 267 | 279 | 274

Shift from the reference HA blue | red red

Staggered QW structures HB | HC | HD
(30 % Alin 1.5 nm wide QW and 60 % Al

in 1.5 nm thick step-like barriers)

TE gain maximum value, I/Ina 1.19 | 0.23 | 0.20
TM gain maximum value, I/Ina 0.46 | 0.30 | 0.37
Wavelength for TE gain maximum (nm) 272 | 286 | 281
Wavelength for TM gain maximum (nm) 270 | 286 | 280

Shift from the reference HA blue | red red

the barrier thickness from 1 to 2 nm. Further increase in barrier
thickness leads to a stronger contribution of excited hole states
which is manifested by a very broad gain spectrum. From this
analysis it can be concluded that the step-like barrier cannot be
too thick since it leads to a localization of wavefunction in the
step-like barrier. Therefore 1 nm thick step-like AlGaN barriers
with high Al concentration are recommended for the staggered
AlGaN QWs dedicated for UV-C LDs.

Table I summarizes the differences in material gain of HB,
HC and HD in reference to the HA for structures with 30%
Al in the QW region and two different Al concentration in
step-like barriers (80 and 60%) at the carrier concentration
equals 3 x 10" cm™>. Note to mention that these quantitative
differences change with the concentration of carriers but the
qualitative differences are preserved.
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Regarding the preferred light polarization of LDs, which are
based on the studied QWs, it is observed that the spectral posi-
tions of TE and TM mode are almost the same for all staggered
QWs as well as the reference QWs. In the analyzed range of Al
concentrations it is expected since the HH and light hole (LH)
band are separated by a small energy (see blue and green line
in Fig. 2(b) in the range marked as the TE range). Moreover
intensities of TE and TM material gain are very comparable.
The TE mode is a little bit stronger than the TM mode since the
HH band is the topmost valence band and thereby is stronger
populated by carriers. It means that close to the threshold carrier
concentration (i.e., the threshold current in electrical pumping)
the TE mode will be dominating and a light with TM polarization
is expected at higher carrier concentrations.

At the end of our theoretical considerations of the material
gain in staggered QWs it is worth noting that the present
technology allows to control the QWs width and the step-like
barrier thickness with a monolayer accuracy. The molecular
beam epitaxy is the recommended technique since very thin
III-N QWs with sharp interfaces can be grown using this method,
see for examples Refs. [SO]-[52]. For the metal organic chemical
vapor deposition the growth of QWs with sharp interfaces is
more challenging but also possible [33].

IV. CONCLUSION

It has been shown that the increase in Al concentration in
1.5 nm wide Al,Ga;_«N/AIN QWs the spectrum of the material
gain blueshifts and achieves the UV-C spectral range for x >
0.3. The maximum of the material gain in these QWs decreases
with the increase in Al concentration. This is mainly due to
the Al-related increase in the electron (hole) effective mass.
The step-like barrier in the staggered QW is able to tune the
spectral position of the material gain and enhance its strength.
The observed changes in the gain spectra strongly depend on
the architecture of the staggered QWs as well as the content
and thickness of the step-like barrier. For all three architectures,
which are considered in this article (i.e., HB, HC, and HD),
the thickness of step-like barrier cannot be too large since thick
step-like barriers lead to electron (or hole) localization in these
barriers. Therefore 1 nm thick Al,Ga;.,N barrier is recom-
mended. Moreover the Al concentration in these barriers cannot
be too low since it also leads to electron (or hole) localization
in such barriers i.e., an unfavorable separation of wavefunctions
for electrons and holes in the staggered QW. Taking into account
these observations the staggered Al,Ga;_N/AIN QW with x =
0.3 and 1 nm thick step-like barrier of high Al concentration
(70-90%) has been proposed for achieving the UV-C spectral
range. Moreover it has been show that the situation with the
step-like barrier grown prior the QW is very different from the
situation with the step-like barrier grown on the QW: due to
the incorporation of the step-like barrier a blueshift of the gain
peak is observed for the HB while a redshift of the gain peak
is observed for the HC. Such differences are not present for
non-polar QWs, but they are well understood for polar QWs if
we take into account polarization effects.
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