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Room temperature continuous-wave operation of InAs/InP(100) quantum
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We report on the InAs quantum dots (QDs) laser in the 1.55 wm wavelength region grown by gas
source molecular-beam epitaxy. The active region of the laser structure consists of fivefold-stacked
InAs QD layers embedded in the InGaAsP layer. Ridge waveguide lasers were processed and
continuous-wave mode operation was achieved between 20 and 70 °C, with characteristic
temperature of 69 K. High internal quantum efficiency (56%) and low infinite length threshold
current density (128 A/cm? per QD layer) was obtained for the as-cleaved devices at room
temperature. The lasing wavelength range between 1.556 and 1.605 wm can be covered by varying
the laser cavity length. © 2008 American Institute of Physics. [DOI: 10.1063/1.2985900]

InAs quantum dots (QDs) on GaAs or InP substrates are
very promising active materials for lasers' and semiconduc-
tor optical arnpliﬁers2 used in fiber optical telecommunica-
tion systems, provided their emission wavelength is within
the 1.31 or 1.55 um regions. In order to match these two
telecommunication wavelength windows, much effort has
been respectively devoted to achieving InAs/GaAs QDs
emitted at 1.31 wm,** and InAs/InP QDs at 1.55 um.”™® In
particular, for InAs/InP QDs, three methods have been re-
ported to obtain the desired emission wavelength, i.e., (1)
postgrowth annealing the InAs QDs on InP substrates,” (2)
applying ultrathin GaAs or GaP interlayers between InAs
QD layer and the buffer 1ayc:3r,6’7’9 and (3) formation of QDs
by (In,Ga)As layers with very low Ga composition instead of
pure InAs layer.8 Most studies have been carried out on
metal-organic  vapor-phase  epitaxy®® (MOVPE) and
chemical-beam epitaxy.6’7 Recently, Lelarge et al.’® reported
buried ridge stripe lasers with InAs/InP(100) QDs as the
active core by gas-source molecular-beam epitaxy
(GSMBE), operating at 1.46—1.5 um in continuous-wave
(cw) mode, without utilization of any particular procedure
mentioned above during the growth of InAs QDs but adjust-
ing the thickness of deposited InAs layer. However, a large
blueshift of 80 nm was observed due to In-Ga and As-P
intermixing during the high temperature MOVPE regrowth
of P-doped InP cladding and (In,Ga)As contact layers.'® The
thermally enhanced intermixing is undesirable, which leads
to lasing wavelength much shorter than 1.55 um. In this let-
ter, we report on the 1.55 um InAs/InP(100) QD lasers with
all layers in the laser structure grown by GSMBE. The as-
cleaved ridge waveguide lasers operated in cw mode up to
70 °C, with characteristic temperature of 69 K between 20
and 70 °C and the maximum output power is more than
30 mW from one facet at room temperature. The dependence
of threshold current density on cavity length reveals very low
infinite length threshold current density of 638 A/cm?, i.e.,
128 A/cm? per QD layer.
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The samples were grown on nominally (100) exact ori-
ented n-type InP substrates by GSMBE using gallium and
indium as sources of III element. On the other hand, the V
element sources are obtained by introducing AsH; and/or
PH; through the high temperature injector where the gases
are thermally decomposed at 1000 °C. The QD lasers in-
cluded fivefold-stacked InAs QD layers separated by
40-nm-thick InGaAsP barriers (\,=1.18 um) as the active
core, which was embedded in a 200-nm-thick InGaAsP layer
(Ag=1.18 um) for separate confinement. The bottom and top
cladding layers are 600 nm n-InP buffer and 1.5 um p-InP
followed by 200 nm p-InGaAs contact layer. Each QD layer
was formed by deposition of 3.0 ML InAs at 485 °C with
InAs growth rate of 0.1 ML/s, while the AsH; pressure in
the gas line was set as 630 Torr and the growth chamber
pressure was measured as 1.5X 107 Torr during the QD
growth. In order to achieve the desirable emission wave-
length, the layer thickness of InAs was chosen as 3.0 ML.
The surface morphology of a single QD layer grown on the
InGaAsP barrier was measured by atomic force microscopy
(AFM), revealing the formation of QD with high density in
the 10'° cm™ range, as shown in Fig. 1(a). The well defined

QDs were found to be slightly elongated along the [011]
direction with mean dot height of 2.9 nm and mean base
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FIG. 1. (a) AFM image of the InAs QDs on InGaAsP lattice matched to
InP(100) formed by depositing 3.0 ML InAs. The black-to-white height

contrast is 10 nm. (b) PL spectrum taken at room temperature of the InAs
QDs embedded in InGaAsP.
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FIG. 2. Lasing spectrum at room temperature of the QD laser with 0.7 mm
long cavity length, under cw injection current of 130 mA, i.e., 1.02X thresh-
old current. Inset is the threshold current density as a function of reciprocal
cavity length (1/L), measured at room temperature in cw mode.

diameter of 76 nm. Room temperature photoluminescence
(PL) spectrum of the InAs QDs embedded in InGaAsP layer
was shown in Fig. 1(b), with linewidth of about 108 meV.
Ridge waveguide QD lasers with stripe width of 6 wm and
different cavity lengths were processed, leaving as-cleaved
laser facets. Device performance characterization were car-
ried out between 20—85 °C in cw operation mode. The las-
ing spectra were measured by an optical spectrum analyzer
with wavelength resolution of 0.01 nm, through an single
mode fiber located close to the laser facet. The output power
measurements were performed by a Melles Griot optical
power meter equipped with a integrating sphere Ge detector.

Multimode laser spectrum centered at 1.556 wm was
measured from the QD laser with cavity length of 0.7 mm
and stripe width of 6 wm, as shown in Fig. 2, where the
injected current of 130 mA is just above the threshold cur-
rent (128 mA). The threshold current density Jy, is found to
drop from 3.1 kA/cm? to 790 A/cm? with the increase in
cavity length from 0.7 to 3.5 mm, as shown in the inset of
Fig. 2. From the dependence of Jy on cavity length, i.e.,
In(Jy,) o< 1/L, a threshold current density for infinite cavity
length was derived as low as 638 A/cm?, which corresponds
to about 128 A/cm? per QD layer.

Figure 3 shows the light output characteristics of the QD
laser with cavity length of 2 mm, under cw operation with
heat sink temperature ranging from 20 to 70 °C. At 20 °C,
the QD laser has threshold current of 1.1 kA/cm?, and maxi-
mum output power above 30 mW/facet, with slope efficiency
of 94 mW/A just above the threshold. The maximum output
power drops gradually to about 5 mW when the heat sink
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FIG. 3. Output power vs injection current of a 2-mm- long as-cleaved QD

laser under cw operation in the temperature range of 20—70 °C. Inset is the
thrashold currert density versus fempzrature
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FIG. 4. Dependence of reciprocal external differential efficiency on cavity
length of the InAs QD lasers.

temperature is raised to 70 °C. The laser threshold current
density as a function of operation temperature is shown in
the inset of Fig. 3. Characteristic temperature of 69 K is
derived in the temperature range 20-70 °C, by equation
Jin(T)=Jy exp(T/Ty). It is higher than those values previ-
ously reported, i.e., 25 K (20-30 °C) (Ref. 9) and 56 K
(20-80 °C)." In detail, two different slopes appear in the
inset of Fig. 3, corresponding to characteristic temperatures
of 81 K (20-50°C) and 54 K (50-70 °C) respectively,
likely due to the existence of thermally activated nonradia-
tive process.11

Figure 4 shows the reciprocal external differential effi-
ciency as a function of the cavity length. The internal optical
loss and quantum efficiency can be derived from the depen-
dence of measured external quantum efficiency on the cavity
length by the following equations:

2qgdP
=——, 1
Mext o dl (1)
1 1 L
[ — 1+i , (2)
77ext 771 1 1
n—

where 7, is the external differential efficiency, #; is the
internal quantum efficiency, ¢ is the electronic charge, A is
the Plank constant, v is the optical frequency, P is the output
power from a single facet, / is the injection current, L is the
cavity length, «; is the internal loss, and R is reflectivity of
the cleaved facet. The derived internal optical loss and the
internal quantum efficiency is 8 cm™' and 56%, respectively,
taking the facet reflectivity as 0.35. Compared to the
1.55 um wavelength InAsP/InGaAsP strained multi-
quantum-well lasers,'” the internal quantum efficiency of
InAs/InP QD laser is still low. However, it is expected to
drastically improve the internal quantum efficiency by opti-
mizing the growth conditions of InAs QDs for better QD size
uniformity. In comparison with the InAs/GaAs QD assem-
bly, the InAs/InGaAsP/InP(100) QD assembly has very
large size distribution, indicated by the very broad PL peak,
e.g., linewidth of about 108 meV at room temperature mea-
sured by us and reported by other groups.g’10

One interesting feature of the InAs/InGaAsP/InP QD
laser is the cavity length dependence of the lasing wave-
length, which decreases from 1.605 to 1.556 um with the
reduction of cavity length from 3.5 to 0.7 mm, as shown in
Fig. 5(b). The lasing spectra centered at 1.556 and 1.594 um
of two devices are shown in Fig. 5(a), with cavity length of
0.7 and 2. mm, respectively., The wavelength difference of the



111109-3 Li et al.

a)
o ' T 3 T ' T T
S -50f RT L=0.7mm L=2mm =
> I=150mA I=170mA
‘B
= - ]
3
=
2 -oor i
=
(&)
2 ]
1540 1560 1580 1600 1620
Wavelength (nm)
(b) ¢
12— T T T T T
= L RT ]
5 1.6 -
g [ ]
2 1.58F J
2 3 -
2 156} |
< 1. — =1
= i ]
A RPRE NP NI BRI SRR EEN
1'540 0.5 1 1.5 2 25 3 35 4
Cavity length (mm)

FIG. 5. (a) Lasing spectrum taken at room temperature in cw operation
mode for QD lasers with cavity length of 0.7 and 2.0 mm, respectively. (b)
Lasing wavelength vs cavity length varying from 0.7 to 3.5 mm.

two laser peaks shown in Fig. 5(a) corresponds to an energy
separation of about 19 meV, which is much less than what is
between the ground-state (GS) transition in small QDs and
large QDs, revealed by the broad PL peak of QD assembly at
room temperature with width of about 108 meV. The broad
size distribution of the QD assembly leads to a broad gain
spectrum of the QD laser. In addition, the bigger
InAs/InP(100) QDs than InAs/GaAs ones result in much
smaller  ground-state/excited-state  (ES)  splitting  for
InAs/InP QDs, e.g., 31 meV for InAs/InP(311)B QDs.!' In
contrast, the InAs/GaAs QDs have GS-ES splitting more
than 90 meV."® Thus, the gain spectrum in the lasing wave-
length range may include contributions from both GS transi-
tions and ES transitions of the QD assembly. The mirror loss
rises with decrease in the cavity length, leading to shorter
operating wavelength where the laser diode can provide
enough gain for lasing.

In summary, InAs/InGaAsP/InP(100) QD lasers operat-
ing in the 1.55 um wavelength region have been grown by

Appl. Phys. Lett. 93, 111109 (2008)

GSMBE, with the active region including fivefold-stacked
QD layers. CW operation of the QD lasers have been
achieved at temperatures up to 70 °C. The characteristic
temperature of the QD lasers was obtained as 69 K between
20 and 70 °C. From the measured dependence of laser char-
acteristics on the cavity length at room temperature, we de-
rived the internal quantum efficiency as high as 56%, inter-
nal optical loss of 8 cm™!, and the threshold current density
for infinite cavity length of 638 A/cm?, i.e., 128 A/cm? per
QD layer.
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