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Influence of Separate Confinement Heterostructure Layer on Carrier Distribution
in InGaAsP Laser Diodes with Nonidentical Multiple Quantum Wells
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The thickness of the separate confinement heterostructure (SCH) layer is found to have a significant influence on the carrier
distribution among InGaAsP multiple quantum wells in laser diodes. When the SCH layer is 120nm thick, the carrier
distribution of the fabricated laser diodes favors quantum wells near the n-cladding layer. When the thickness of the SCH
layer is reduced to 20 nm, the carrier distribution of the fabricated laser diodes favors quantum wells near the p-cladding layer.
Our experiments indicate that the carrier distribution of a fabricated laser diode can be engineered using an SCH layer of

appropriate thickness. [DOI: 10.1143/JJAP.43.7032]
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Quantum wells are commonly used nowadays to improve
the characteristics of laser diodes. However, the carrier
distribution among multiple quantum wells (MQWs) is not
uniform. This nonuniform carrier distribution has been
theoretically predicted'™ and experimentally proved.*”
The carrier distribution among MQWs has been found to
be influenced by several factors. For example, Hamp’®
discovered that decreasing the height or thickness of the
barriers results in a more even carrier distribution among
MQWs. Lin? also found that the sequence of the MQW
layout has a significant influence on the carrier distribution
among MQWs. In the past, most investigations concluded
that nonuniform carrier distributions favor QWs near the
p-cladding layer. The reason was considered to be the slow
mobility of holes that control the behavior of the carrier
distribution. Because carrier mobility is a function of
temperature, the carrier distribution depends on temper-
ature.>'9 However, a carrier distribution that favors QWs
near the n-cladding layer has also been discovered.”'V A
new theory was thus proposed to explain such opposite
behavior in the carrier distribution.!” In this new theory,
carrier transport across the separate confinement hetero-
structure (SCH) layer is deemed to be an important factor
that influences the carrier distribution. Here we report clear
evidence of SCH-layer influence on the carrier distribution
among MQWs.

Mirror-imaged nonidentical MQWSs similar to those
investigated in previous experiments'" were used here.
Here, however, the thickness of the SCH layers varied. The
MQW structures consist of three 60 A Tng.67Gao 33A8072P0 28
QWs and two 87 A Ing53Gag47As QWs that have their first
quantized energies corresponding to 4 = 1.3um and A =
1.54 um, respectively. The 87A Ing53Gag47As QWs also
have a second quantized state corresponding to A = 1.46
um. The QWs are separated by 150 A Tng.s6Gao.14AS0 3P0~
barriers. Three SCH layers of different thicknesses and two
MQW layouts of opposite sequences were investigated
experimentally. Therefore, there are six combinations of
QW structures. Those that have two 87 A QWs located near
the n-cladding layer are named Al, A2, and A3. Their QW
structure is shown in Fig. 1(a). The other three QW
structures that have the opposite layout sequence are named
B1, B2, and B3 as shown in Fig. 1(b). Al and B1 each have
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Fig. 1. QW structures: (a) samples Al, A2 and A3; (b) samples B1, B2
and B3.

a 120-nm-thick SCH layer. A2 and B2 each have a 60-nm-
thick SCH layer. A3 and B3 each have a 20-nm-thick SCH
layer. These characteristics are listed in Table 1. Fabry—Perot
laser diodes (LDs) were fabricated on these substrates using
standard processing techniques. The devices all had a 3-um-

Table I. Labels of QW structures with different QW sequences and SCH
thicknesses.
87 A InGaAs QWs 87 A InGaAs QWs
near n-cladding near p-cladding
SCH = 120nm Al Bl
SCH = 60nm A2 B2
SCH = 20nm A3 B3
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A1 700 um LD
A1 500 um LD
1540 1550 1560
wavelength(nm)
1530 1540 1550
wavelength(nm)
B1 700 um LD
B1 500 um LD
AAAAANANNANAN [V VV.IVIV I
1420 1430 1440
M\/\AM/J wavelength(nm)
1380 1390

wavelength(nm)

Fig. 2. Lasing spectra of Al and B1 LDs.

wide ridge waveguide. Several devices of different lengths
were fabricated. No coating was applied to the device facets.
LDs fabricated on substrates Al and B1 are named Al LDs
and B1 LDs, respectively, for simple reference later. LDs
fabricated on substrates A2, A3, B2, and B3 are also named
in a similar manner.

Al and B1 LDs have similar threshold currents, but their
lasing wavelengths are very different due to the opposite
layout of the QWs. Typical lasing spectra of Al and B1 LDs
are shown in Fig. 2. For Al LDs, the 500-um-long devices
and 700-um-long devices have peak lasing wavelengths of
approximately 1536nm and 1552nm, respectively. The
lasing wavelength of the LDs with nonidentical MQWs
usually varies with device length. Having the same reflec-
tivity of the laser facets, the short LDs have a higher
threshold current density than the long LDs.'” Because the
higher threshold current density causes the gain to be blue-
shifted either due to the band-filling effect or due to carriers
filling the QWs of high energy levels, short LDs with
nonidentical MQWs oscillate at a shorter wavelength,s) as
shown by the lasing spectra of Al LDs. Our QW structures
have two types of QWs that can possibly contribute to the
gain of the lasing modes. However, the lasing spectra show
that only the two 87 A Ing 53Gag47As QWs contribute to the
gain of Al LDs. In comparison with the wide separation of
the first quantized energies of the two different types of QWs
(corresponding to 4 = 1300nm and A = 1540 nm, respec-
tively), the difference in peak lasing wavelength between the
500-um-long and 700-pum-long devices is small. Please note
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that the 87 A Ing 53Gag47As QWs of the A1 QW structure are
located near the n-cladding layer.

For B1 LDs, the 500-um-long devices and 700-um-long
devices have the peak lasing wavelengths of about 1383 nm
and 1433 nm, respectively. Again, we see that the short LDs
oscillate at a shorter wavelength than the long LDs, but the
difference is small compared with the wide separation of the
first quantized energies of the two types of QWs. The
significant shift in the peak lasing wavelengths of B1 LDs
toward the short-wavelength side may be caused by two
phenomena: One is the band-filling effect to the second
quantized state of the 87 A Ing 53Gag 47As QWs and the other
is carrier injection into the 60 A Ing 67Gag 33A80.72Po.28 QWs.
Because the threshold currents of Al LDs and B1 LDs are
almost identical, if the band-filling effect is the only
influential factor, their peak lasing wavelengths will also
be almost identical. However, the experiment shows that the
band-filling effect of A1 LDs causes no significant change in
the peak lasing wavelegnth, but B1 LDs have a much shorter
wavelength of oscillation. Thus, the carrier distribution
among the two types of QWs is different for Al and B1 LDs.
That is, the QW layout sequence has a very significant
influence on the carrier distribution. In B1 LDs, significant
carriers are also injected into the 60 A Ing 67Gag.33A80.72Po.28
QWs. Therefore, the large shift in the peak lasing wave-
length in B1 LDs is caused by the gain simultaneously
contributed from both the 87 A Ing s3Gag47As QWs and the
60 A Ing 67Gag33AS0.72P0.2s QWSs. As a result, the gain peak
is located between the wavelengths corresponding to these
two different types of QWs. Similar characteristics of
emission spectra have also been observed for superlumines-
cent diodes with two different types of QWs.” Please note
that the 87 A Ing53Gag.47As QWs of the B1 QW structure are
located near the p-cladding layer.

When we compare the peak lasing wavelengths of A1 LDs
and B1 LDs, the difference is significant. The peak lasing
wavelength of B1 LDs, which is much shorter than that of
Al LDs, shows that the 6OA Ing.67Gag.33A80.72Po2s QWs
have more carriers in B1 LDs than in A1 LDs. This indicates
that the QW sequence has a significant influence on the
carrier distribution. The reason is the presence of 120-nm-
thick SCH layer. The thick SCH layer significantly lengthens
the time it takes holes to be trapped in QWs. According to
the theory proposed in ref. 11, the first type of carriers that
arrive in the QW region will determine the carrier
distribution. An electron-determined nonuniform carrier
distribution leads to carriers favoring QWs near the
n-cladding layer. For Al LDs, the 87 A 1Ing53Gag 47As
QWs are near the n-cladding layer, so they contribute
significantly to gain. For B1 LDs, the 87 A Ing 53Gag.47As
QWs are near the p-cladding layer, so their contribution to
gain is reduced, leading to the peak lasing wavelength being
shifted toward the transition wavelength of the 60A
Ing 67Gag 33A80.72Pp.2s QWs.

As the thickness of the SCH layer is reduced, the transport
time of holes across the SCH layer is not much longer than
that of electrons. Because the capture time of holes is much
shorter than that of electrons, the summation of the transport
time of holes across the SCH layer and the capture time of
holes is similar to the transport time and capture time of
electrons. Then the carrier distribution will clearly not favor
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Table II. Threshold currents of A2 LDs and B2 LDs.

Device length = Device length =

500 um 700 um
A2 42 mA 37mA
B2 53mA 42 mA
A2 700 pm LD
A2 500 pm LD
1510 1520 1530
ol Am“ Wavelength (nm)
1500 1510 1520
Wavelength (nm)
B2 700 um LD
B2 500 um LD
AAMM“M({ Lo
1490 1500 1510
WMMM N Wavelength (nm)
1480 1490 1500

Wavelength (nm)

Fig. 3. Lasing spectra of A2 and B2 LDs.

QWs near the n-cladding layer. The threshold currents of A2
and B2 LDs are shown in Table II and the lasing spectra of
A2 and B2 LDs are shown in Fig. 3. The threshold currents
of A2 and B2 LDs of the same length do not differ much.
Also, their lasing spectra are similar. For A2 LDs, the 500-
um-long devices and 700-um-long devices have peak lasing
wavelengths of approximately 1512nm and 1524 nm, re-
spectively. For B2 LDs, the 500-um-long devices and 700-
um-long devices have peak lasing wavelengths of approx-
imately 1488 nm and 1498 nm, respectively. Although B2
LDs still oscillate at a shorter wavelength than A2 LDs, the
difference is small, compared to the difference in peak lasing
wavelength between A1 LDs and B1 LDs. The lasing spectra
show that the gain for both A2 and B2 LDs is mainly
contributed by the two 87 A Ing53Gag 47As QWs of these two
LDs. These QWs are located near the n-cladding layer and
the p-cladding layer of A2 LDs and B2 LDs, respectively.
This indicates that the preference of the carrier distribution
near the n-cladding or p-cladding layer is not obvious
because the thickness of SCH layer decreases to only 60 nm.

After careful examination, we find that the threshold
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current of A2 LDs is slightly less than that of B2 LDs, and
that the lasing wavelength of A2 LDs is slightly longer than
that of B2 LDs. This implies that the two 87 A Ing53Gag47As
QWs acquire more carriers for the A2 structure than for the
B2 structure under the same injection current. Therefore, the
carrier distribution still slightly favors QWs near the
n-cladding layer for the A2 structure even though the SCH
layer thickness is reduced to 60 nm.

When the thickness of the SCH layer is reduced further,
the preference of the carrier distribution near the n-cladding
layer should be further reduced. A3 and B3 LDs each with
the SCH layer thickness of 20nm were fabricated. Several
devices of different lengths were fabricated, but only 900-
um-long devices showed lasing behavior. Because of the
narrow SCH layer, the lasing mode is extended to the doped
region, which increases the degree of optical absorption and
thus the threshold current density. In addition, the thin SCH
layer may cause the dopants in the cladding layer to diffuse
into the QWs, leading to the decrease in gain. Thus, short
LDs cannot oscillate easily. The lasing spectra of 900-um-
long LDs are shown in Fig. 4. Their peak lasing wavelengths
are approximately 1523 nm and 1521 nm for A3 LDs and B3
LDs, respectively. These lasing spectra are similar to those
of A2 and B2 LDs of 900 um device length. Typical L-/
curves of A2, B2, A3, and B3 LDs of 900 um device length
are shown in Fig. 5. The threshold currents of A3 and B3
LDs are approximately 40-50 mA, slightly larger than those
of A2 and B2 LDs. The reasons for this are discussed above.
The lasing spectra show that gain is mainly contributed by
the 87 A Ing 53Gag 47As QWs irrespective of whether they are
located near the n-cladding layer or the p-cladding layer.

A3 900 um LD
: 44l 4 .
1510 1520 1530
Wavelength (nm)
B3 900 um LD
1510 1520 1530

Wavelength (nm)

Fig. 4. Lasing spectra of A3 and B3 LDs.
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Fig. 5. L-I curves of A2, B2, A3 and B3 LDs.

Table III. Slope efficiencies of A2, B2, A3 and B3 LDs.

Slope efficiency

A2 0.053W/A
B2 0.056 W/A
A3 0.063W/A
B3 0.31 W/A

Thus, unlike the A1 and B1 LDs, the carrier distribution
does not favor for QWs near the n-cladding layer as the SCH
layer is only 20 nm thick.

The slope efficiency of those LDs is shown in Table III. In
the calculation of the slope efficiency, only the light emitted
from one facet is taken into account. For A2, B2 and A3
LDs, the slope efficiency is less than 0.1 W/A per facet. In
comparison, the slope efficiency of B3 LDs is as high as
0.31 W/A per facet. The high slope efficiency of B3 LDs
compared with that of A2, B2 and A3 LDs can be explained
by the following reasons. First, B3 LDs have a thin SCH
layer, which causes holes to reach the QW region in a very
short time. Secondly, the capture time of holes is much
shorter than that of electrons. Therefore, holes occupy the
QWs before electrons do, leading to a carrier distribution
which is determined by holes and favors QWs near the
p-cladding layer. Thirdly, carriers tend to fill up low-energy
levels first. Because B3 LDs have the 87 A Ings3Gag47As
QWs located near the p-cladding layer, the above factors all
favor carriers filling these QWs. Therefore, B3 LDs have
more injected carriers contributing to the gain at the
wavelength corresponding to the 87A Ing 53Gag.47As QWs,
and thus the efficiency is increased. The thin SCH layer of
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the B3 structure can increase the optical absorption of the
laser mode and thus threshold current. However, the fast
process of stimulated emission at long wavelengths quickly
consumes carriers injected into the corresponding QWs.
Then the above factors favoring the 87 A Ing 53Gag 47As QWs
of B3 LDs cause the further injection of carriers to mostly fill
these QWs. As a result, the preference of carriers to fill the
87A Ing 53Gag47As QW of B3 LDs is even more prominent
when the LD is lasing and this effect overrides the increased
in the degree of optical absorption. In comparison, the A3
LDs do not behave in the same way because their 87 A
Ing 53Gagp 47As QWs are located near the n-cladding layer.

From the above experiments, we know that a thick SCH
layer causes the carrier distribution to favor QWs near the
n-cladding layer, while a thin SCH layer causes the carrier
distribution to favor QWs near the p-cladding layer. There-
fore, with a proper thickness of SCH layer, a uniform carrier
distribution among the MQWs can be obtained.

In conclusion, the thickness of a SCH layer is found to
have a significant influence on the carrier distribution among
InGaAsP MQWs. For a SCH layer of 120 nm thickness, the
layout sequence of nonidentical MQWs has a strong
influence on the obtained lasing spectra. The measured
spectra show that the carrier distribution favors QWSs near
the n-cladding layer. When the SCH layer thickness is
reduced to 60 nm or less, the layout sequence of nonidentical
MQWs has a decreasing influence on the obtained lasing
spectra. As the SCH layer thickness is reduced to only
20 nm, the fabricated LDs show that the carrier distribution
favors QWs near the p-cladding layer. Therefore, the carrier
distribution among the MQWs can be engineered using an
SCH layer of appropriate thickness.
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