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Spontaneous emission measurements, as a function of injection current and temperature, were carried out from the sidewall of a working 2 ym
InGaSb/AlGaAsSb quantum well laser. The local Z power parameter was extracted to investigate the carrier recombination behaviors. A model
involving the activation energy is presented to interpret the carrier loss mechanisms. Our findings show that the majority of the injected carriers
recombine radiatively at low injection currents, and that Auger nonradiative recombination increases significantly with injection current. More
importantly, no obvious temperature dependence of Z is observed from 20 to 80°C. © 2017 The Japan Society of Applied Physics

ight sources operating in the 2um range are very

promising for many applications such as gas sensing

and advanced telecommunications.'™ High-per-
formance 2 um laser diodes have been demonstrated in both
InP-based*> and GaSb-based®® quantum well (QW) laser
structures. Compared with highly strained InGaAs QWs on
InP substrates, GaSb-based QW lasers are less challenging
in material growth and thus more advantageous when it
comes to some longer wavelength applications. Researchers
have achieved ultralow-threshold current density J),?
high power,” low lateral divergence,® and high-performance
vertical-cavity surface-emitting lasers” in GaSb-based laser
systems in the 2 um range. Despite these numerous achieve-
ments, fundamental investigations are still highly desirable to
understand the ultimate limits of the devices.!? For instance,
the carrier recombination behaviors and loss mechanisms
within QWs directly affect the laser performance character-
istics such as temperature characteristics, Jy, and so on.
In addition, there is an intrinsic drawback in GaSb-based
QW light-emitting devices, which is the inadequate confine-
ment of holes in the active region, and the impacts of this
drawback on the carrier recombination behaviors have not
been revealed experimentally. Therefore, a systematic inves-
tigation of the carrier recombination behaviors will be useful
for further optimizing GaSb-based QW lasers.

Since spontaneous emission (SE) reflects directly the
intensity of carrier recombination below the lasing threshold,
the measurement of SE has been used as a powerful tool to
investigate the intrinsic recombination mechanisms in several
electrical injection lasers such as GaAs-based QW, quantum
dot (QD), submonolayer QD, and InP-based QW lasers.!!~1®)
However, a systematic SE study of the effects of both injec-
tion current (/i) and working temperature (7)) in GaSb-
based lasers remains lacking.

In this work, temperature-dependent SEs at different
biasing currents have been measured using a working 2 um
InGaSb/AlGaAsSb QW laser. By extracting and analyzing
the local Z power parameter, better insights into the effects
of I, and T on the carrier recombination mechanisms are
obtained. In addition, the carrier loss mechanisms have also
been investigated in detail.
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Fig. 1. (Color online) L—I-V curve of the fabricated InGaSb SQW laser at
10°C. The inset shows its lasing spectrum.

The laser used in this study comprises an Iny,GaggSb
single QW (SQW) with a lattice-matched Alj,GaAsySb
barrier grown on a GaSb substrate by molecular beam epitaxy
(MBE). The detailed laser structure can be found in our
previous work." A typical wet ridge etching and contact
window opening process!” was used to fabricate Fabry—Perot
(FP) ridge waveguide lasers with different ridge widths on the
same wafer. The cleaved single laser chip was bonded p-side
down on a heatsink to facilitate heat dissipation. A temper-
ature electronic controller (TEC) was used for temperature
control during the measurements.

Figure 1 shows the light output power and voltage as a
function of the injection current (L—/-V) for one of the
fabricated lasers. The InGaSb SQW laser works well in the
continuous wave (CW) mode at 10°C with a low Jy, of
~96 A/cm?, which suggests good material quality. The lasing
spectrum centering at ~2019 nm is also shown in the inset of
Fig. 1.

The SE was measured from the sidewall of the laser as
schematically shown in the inset of Fig. 2. It was collected
by a multimode optical fiber and fed into an optical spectrum
analyzer (OSA; AQ6375). Since there is almost no feedback
in the direction perpendicular to the laser ridge, the measured

© 2017 The Japan Society of Applied Physics
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Fig. 2. (Color online) SE spectra of the tested laser at four different Zy;,

values at 20 °C. The inset shows the schematic diagram of the SE
measurement configuration (not to scale).
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Fig. 3. (Color online) Integrated SE intensities (Psg) at different /y;

values calculated from the SE spectra at four different temperatures (20, 40,
60, and 80 °C). The hollow squares represent the results obtained after lasing
at 20°C.

SE does not undergo significant amplification or absorp-
tion.!"1? The laser used for SE measurements is from the
same fabrication batch as the laser in Fig. 1. Prior to SE
measurements, the CW operation of the laser was measured
at 20°C. Then, SE spectra were recorded at different Iy,
values from 25mA with a step of 25mA. For clarity, SE
spectra at four different I;,; values measured at 20 °C are
shown in Fig. 2. The SE spectral intensity increases with i,
and the spectral peaks locate at ~2020 nm, which is almost
identical to that of the lasing spectrum. This peak is attributed
to the transition from the first electron band (E1) to the
first heavy-hole band (HHI) on the basis of band structure
calculations.V

The integrated SE intensities (Psg) at different /y;,5 values
at 20 °C were calculated from the SE spectra as shown in
Fig. 3 (squares). It is well known that Pgg can reflect the
carrier density (n) within QWs, and theoretically, when the
lasing action starts, n will be pinned at its threshold owing to
the intense stimulated recombination. Therefore, Psg should
also be pinned at the lasing threshold. This postulation is
confirmed by the experimental data at 20 °C in Fig. 3: Psg
remains almost unchanged after lasing (shown by hollow
squares). The same phenomenon has also been observed
in our GaAs-based QD laser!” and some InP-based QW
lasers.'®
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To analyze the carrier recombination behaviors with the
variation in Iy, the following model,'""'® which gives the
relationship between I;,s and Psg, was used:

+ (%)1/2 (ﬁ) (vVPse)’. (1)

where e is the electron charge, V is the volume of the active
region, R is the ratio of the detected intensity Pgg to the actual
intensity P (i.e., Psg = R X P), 7,,; is the nonradiative lifetime,
and B and C are the radiative recombination and Auger
recombination coefficients, respectively.
In this model, prior to lasing, the injected carriers are
supposed to have the following three recombination process-
es that correspond to the three terms on the right-hand side of
Eq. (1):
1) defect- or impurity-related nonradiative recombination
(NR) whose rate is proportional to the carrier density
n in the active region and which can be written as
Ry = V(n/7o);"”

2) radiative recombination whose rate is proportional to n*
and which can be written as Ryon = VBn?'? and

3) Auger NR whose rate is proportional to n* and which
can be expressed as Ry = VCn3.!9

The three terms on the right-hand side of Eq. (1) have the
factor (v/Psg ), so Eq. (1) can be expressed as

Iyias o (/Psg )Z, (2)

where Z is the local Z power parameter, which ranges from 1
to 3 if the current is dominated by defect- or impurity-related
NR (Z = 1), radiative recombination (Z = 2), or Auger NR
(Z =~ 3). The actual Z value reflects the proportions of these
three recombination processes. Note that this model does not
consider the carrier leakage that may cause Z to be more
than 3. Furthermore, in view of the extremely low Jy, of our
InGaSb laser, the material is believed to be of high quality
and the defect-related NR process would be weak and
ignorable.

To extract the Z values of the tested laser at 20 °C, In I, 1S
plotted against In Pé{f in Fig. 4(a) (squares indicate the
experimental data). The Z values are the slopes of this plot
and can be obtained by second-order polynomial fitting to the
experimental data shown by dashed lines in the figure. The Z
values at 20 °C are shown in Fig. 4(b) (squares). Z increases
with I, Which is due to the following reasons: when Iy,
increases, n within the active region also increases. Since
the rate of Auger NR follows n3, while it is on the order of
n? for radiative recombination, the contribution of Auger
NR will increase. This in-turn increases the Z value from
2 to 3. Note that the Z value exceeds 3 when I;,s = 150 mA,
suggesting that carrier leakage (thermionic carrier emission
to the outside of the QW) cannot be ignored at high Iy,
values.'V

Subsequently, in order to investigate how working tem-
perature affects the carrier recombination behaviors, the
SE spectra at 40, 60, and 80°C were measured. Figure 3
shows the calculated Pgg values at such temperatures, and
the double logarithmic plots at these three temperatures are
shown in Fig. 4(a). As can be seen from the figure, the four

© 2017 The Japan Society of Applied Physics
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Fig. 4. (Color online) (a) Double logarithmic plots of In /i, as a function
of In Pé/Ez at four different temperatures (20, 40, 60, and 80 °C). The points
are the experimental data, while the dashed lines show the second-order
polynomial fitting curves of the experimental data. (b) Z values as a function
of Ihips at above four temperatures.

fitting curves are almost parallel to each other, indicating
that there is no distinct difference between the Z values
at different temperatures. This can be seen more clearly
in Fig. 4(b), in which Z is Iy,s-dependent rather than
T-dependent.

The Z value is around 2 at a low ;s (50 mA), suggesting
that the majority of the injected carriers recombine radi-
atively, and the laser exhibits a very high efficiency under
low injection currents. Increasing Z to around 3.1 when Iy,
is 150mA indicates that Auger NR becomes dominant at
high current injection. With further increase in Iy, the lasing
action initiates in the 20°C case and Z becomes almost
infinite. In the higher temperature cases, a Z value as high
as 3.6 at 300mA is observed. Such a high Z value could
be attributed to the increased carrier leakage at high Iy,
values.

The Z value is insensitive to temperature, which is a
consequence of the power law dependences of the recom-
bination processes on the carrier density n included in the
applied model. First, it is commonly observed that, under the
same Iy, n decreases with working temperature owing to
a more severe carrier loss, which causes a larger Z value.
Moreover, the radiative recombination rate Rgpn i propor-
tional to n?, while the Auger NR rate R, is proportional to n>.
R decreases more significantly when temperature increases,
which results in a smaller Z value. Under the effects of these
two mechanisms, Z maintains a fixed value. This finding
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Fig. 5. (Color online) Arrhenius plot of Pgg at three different /i, values
(50, 100, and 200 mA). The points are the experimental data, while the
dashed lines show the fitting curves of the experimental data obtained using a
model that involves the activation energy. The inset shows the band structure
of the QW and barrier.

also implies that, at higher temperatures, thermionic carrier
emission may replace Auger NR to become the dominant
NR process. A similar phenomenon has also been found in
1.55 um InP QW lasers.?”

To further investigate the carrier loss mechanisms with
respect to I;,s and T, Pgg is plotted as a function of 1000/7 at
three different /;,, values (50, 100, and 200 mA) as shown in
Fig. 5. The temperature-dependent SE follows the Arrhenius
dependence and can be interpreted using the model below,
and the activation energy (E,) can be extracted by it.

Iy

Ps(T) =
) = Carexp(-E/ksT)”

3)

where Iy and Cygr are constants, E, is the activation energy,
and kg is the Boltzmann constant. The best fit to the experi-
ment data gives E, values of 230, 210, and 190 meV at 50,
100, and 200 mA, respectively.

It is believed that E, is related to the total confinement
energy (Eroq) of carriers in the QW region.?! Epyy of an
electron—hole pair in a QW can be expressed as E,(Barrier) —
E4(SE), as shown in the inset of Fig. 5. In our laser structure,
the barrier material is lattice-matched Aly,GaAsj(,Sb whose
band gap is determined to be ~964 meV using the equation
given by Vurgaftman et al.?? In the 20 °C case, the SE peaks
locate at ~2020 nm [E(SE) ~ 614 meV]. These results corre-
spond to an Ergy of ~350meV. The valence band offsets
(VBOs) of the Aly,GaAspSb barrier and Ing,GaygSb QW
are calculated by linear interpolations using Eq. (4) and the
band parameters are also given by Vurgaftman et al.?? In
addition, since Iny,GaggSb/Aly,GaAsgp,Sb has a compres-
sive strain of ~1.26%, the valence band of the QW will be
shifted upward ~13meV on the basis of the model-solid
theory.!® All these factors result in a final AEy of ~109.5
meV. Then, the energy from the top of the valence band
to the first heavy-hole band is determined to be ~7.5 meV
by solving the one-dimensional (1D) finite potential well
Schrodinger equation. Thus, the potential barrier heights
of holes and electrons are ~102 and ~248 meV, respectively,
in our designed Inj,GaygSb/Aly,GaAsySb QW structure.

© 2017 The Japan Society of Applied Physics
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x(I =0)[(1 = y)VBOaGasb + YVBOAaLGaas] + y(1 = »)[xXVBOajas,sh + (1 = x)VBOgaas,sb]

VBOAi,Gaas,sb =

The VBO of the ternary materials can be determined using
the following equations:

VBOa,B, .,c = xVBOxc + (1 = x)VBOgc

—x(1 =x)CasB,_c (4b)
VBOasg,c,_, = YVBOap + (1 — y)VBOxc
—y(I = y)Cag,c,,> (40)

where C is the bowing parameter.

By comparing the two barrier heights with E, at the three
different I;,s values, it can be found that, under a low Iy
(e.g., S0mA), E, fits the potential barrier height of electrons
well. This indicates that, although the electron loss and the
hole loss coexist throughout the entire current range for
determining the overall E,, the thermal loss of electrons is the
dominant carrier loss mechanism under a low /ly;,,. The hole
loss becomes more crucial, which is evident by the marked
reduction in E, towards the potential barrier height of holes,
when I,;,s increases. This reflects one intrinsic drawback in
GaSb-based QW lasers, which is the poor confinement of
holes in the active region. The results experimentally confirm
the negative effects of this drawback and reveal its impacts
on the carrier recombination behaviors. The total carrier loss
increases owing to the decrease in E,.

As determined from the results of the above analyses,
the majority of the injected carriers recombine radiatively
when Iy, is relatively low (e.g., SOmA). With the increase
in Iy, Auger recombination becomes more significant and,
at the same time, carrier leakage becomes evident. When
the lasing action initiates, all the extra injected carriers beyond
the threshold are consumed by stimulated emission only.
Furthermore, there is no obvious temperature dependence
of Z from 20 to 80 °C, which indicates that the contributions
of the two NR processes (Auger NR and thermionic carrier
emission) change as the working temperature increases, and
thermionic carrier emission may overtake Auger NR as the
dominant NR process at higher temperatures. These findings
explain the power law dependences of the recombination
processes on the carrier density included in the applied model.
Also, as to the temperature characteristics of the laser, the
severe thermal loss of holes at high /;,; cannot be ignored.

In conclusion, high-performance 2 um InGaSb SQW lasers
with the state-of-the-art low Jy, of ~96 A/cm? are presented.
The carrier recombination behaviors of the fabricated lasers
are experimentally studied through SE measurements. By
analyzing the calculated Z values, the evolutions of the carrier
recombination behaviors along with the injection current
and operating temperature are obtained. The effects of the
inadequate confinement of holes on the carrier recombination
behaviors are revealed. The findings provide guidelines for
further improvement of GaSb-based lasers such as increasing
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, (4a)

x(1=x)+y(1-y)

AEy through introducing more strain into QWs to provide
better carrier confinement, or applying quinary material
barriers (AlGalnAsSb),? which may enhance the hole con-
finement, thus reducing Ji;, and enabling the lasers to work at
higher temperatures.
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