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Abstract 
I d s  self-organized quantum dots covered with I ~ . & E Q . ~ - ~ A S  layer have been grown on GaAs substrates by 

gas-source molecular beam epitaxy. With three different deposition methods for growing the InGaAs capping 
layer, the quantum-dot density can be controllably changed from 2 . 3 ~ 1 0 ' ~  to 1.7~10" cm'. Photoluminescence 
at 1,318nm of quantum dots with the dot density as high as 7.6 x 10" cm2 can be achieved by sub-monolayer 
deposition (SMD) capping method. Ascleaved 3.98-mlong laser diode using tiple stacks of InAshGaAs 
quantum dots with SMD method demonstrates a lasing wavelength of 1,305nm and a threshold current density 
of 36OMcm2. The ground-state saturation gain of 16.6cm-' is achieved due to the high dot density. 

I. Introduction 

For almost a decade, self-assembled In(Ga)As quantum 
dots (OD) formed by Stranski-Krastanow growth mode have 
attracted much attention due to their great potential for 
optoelectronic applications. The QD lasers are expected to 
have excellent performance due to he delta function like 
density of states. In the past few years, a lot of significant 
progress on the performance of QD lasers has been reported, 
such as a low threshold current density,"' room temperature 
continuouswave (CW) operating,(" and high characteristic 
temperature (TO)!" Room temperature emission in the ground 
state transition at 1.3 pm wavelength was demonstrated for 
In(Ga)As QDs grown by MBE on GaAs substrates using 
sub-monolayer deposition'4' and InGaAs cap layer.'5'Although 
the InGaAs QDs can extend the emission wavelength to 1.3 
pm by sub-monolayer deposition, but their relatively low area 
density of QDs (about 1-2X10'0cni2) limits the maximal gain 
of the ground state. Recently, a lot of advances in long 
wavelength QD lasers have been achieved with either 
covering or embedding lnAs QDs with InGaAs l a y e r ~ . ( ~ ~ ~ ) I t  
has been shown that using the InGaAs layer can provide 
several advantages, such as extending the emission wave- 
length to 1.3 )un range@', narrowing the photoluminescence 
(PL) linewidths,"' and increasing the dot density without 
optical degradation!" There are several ways to increase the 
dot density including depositing lnAs QDs on InCaAs strained 
buffer layer,('0' increasing the growth rate,('" and lowering the 
growth tenpera1ure!l2' However, except growing lnAs QDs 
on the InGaAs buffer layer or within the InGaAs quantum well, 
the other two methods would cause the optical 
degradation'10H12' In this work, we propose a new InGaAs 
capping technique to achieve long emission wavelength and 
the high QD density without sacrificing the optical properties. 
The technique, namely sub-monolayer deposition (SMD), uses 
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two alternating beam of GaAs and lnAs to cap the InGaAs 
layer on InAs QDs. Because the deposition of GaAs and lnAs 
are separated, different growth conditions can be used lo 
manipulate the properties of the capping layer and thus those 
of the embedded QDs. By this method, we have successfully 
achieved 1.3 pm lasing at room temperature with g o d  device 
quality. 

11. Experiment 

In this study, QD lasers were grown by using gas-source 
molecular beam epitaxy (GSMBE) on Sidoped (100) GaAs 
substrates. The laser structure consists of an n-type 
50CLnm-thick CaAr buffer (2 x 10'sc& an *type lower 
1.7-pm-thick Ino.apGao.slP cladding layer with doping 
concentration from 2 ~ 1 0 ' ~  to ~ X I O ' ~ ~ ,  a 2OOnmthick 
waveguide layer in which the QD active medium is 
embedded, a p-type upper 1.6pm-thick Ino.npQo.rlP claddin 

and a heavily p'- doped ( 1 . 5 ~ 1 0 ' ~  cm?) 200nm-thick GaAs 
contact layer. In the center of the waveguide, there are three 
stacks of QD layers. For growing each layer, a 2.0 ML lnAs 
was firstly deposited and followed by a 9.0 ML Ino.s3(iaasiAs 
capping layer. In this study, three methods, namely 
sub-monolayer migration enhance epitaxy (SMEE), sub- 
monolayer deposition (SMD), and traditional MBE deposition, 
were used to deposit the InGaAs capping layer. In SMEE 
method, the InGaAs layer was grown in the sequence ofthe 
following steps: 0.5 ML Ga atoms deposition, 5 sec As2 
illumination and 0.25 ML InAs deposition. Between the steps, 
there is a 2.5 sec interruption without As2 protection. The 
cycle was repeated a total of 12 times. In SMD method, the 
InGaAs layer was grown using two alternating beams of 0.5 
ML GaAs followed by IO sec intemption and 0.25ML lnAs 
followed by 2.5 sec interruption. During the interruption, the 

layer with doping concentration from Ix lOi7  to 5 ~ 1 0 ' ~ c m '  B , 
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sample was protected by As, beam. The cycle was also 
repeated 12 times. In traditional MBE method, all of In, Ga, 
and As? beams were used at the same time during the 
deposition. Between the QD layers are 25-nm-thick GaAs 
spacers. The growth rate of the lnAs QDs was 0.085ML/s. The 
groMh temperatures of GaAs and InGaP wre 5900C and 
46@C, respectively, while lnAs QDs and InGaAs capping 
layers were both grown at 485°C. After the epitaxial growth, 
the wafers were processed into 50-pm-wide broadarea lasers 
with different cavity lengths by using standard photo- 
lithography, wet etching, and metallization techniques. The 
fabricated lasers were tested under pulsed mode with a pulse 
width of 4 p  and a repetition rate of 500Hz. PL measurement 
was also used to study the as-grown QD samples. The PL 
excited by a 514.5 nmline from an A< laserwas measured 
using a 0.5m monochromator andan InGaAs detector. 

111. Results and discussions 

Fig. I(a), (b), and (c) show the SEM images of 2.0 ML 
lnAs QDs covered with the InGaAs capping layer deposited 
with SMEE method, SMD method, and MBE method, 
respectively. As can be seen, he dot densities of SMEE, 
SMD, andMBEsamples are 2.3 x 1010,7.6 x lolo, and 1.7 x 

IO I t  cm?, and the corresponding base diameters are 34, 29, 
and 21 nm, respectively. In contrast, the image of 2.0 ML InAs 
QDs without InGaAs capping layer is also shown inFig. I(d). 
The dot density and base diameter are 69 x 10'ocm', and 20 
nm, respectively. Fig, 2 shows the room temperature PL 
spectra of these samples. The PL peak wavelength o f  bare 
InAs QDs,dotr with InGaAs layer deposited by SMEE, SMD, 
and MBE method are 1051, 1267, 1318, and 1279 nm and the 
corresponding FWHM linewidthsare 66, 54, 44 and 60 mV, 
respectively. It shows no matter what kinds of capping method 
are used, the InGaAs capping layer can extend the emission 
wavelength and narrow PL l i n e ~ i d t h s ' ~ ~ ~ '  The deposition 
method of InGaAs capping layer influences both the dot 
density and the emission wavelength of InAs/lnCaAs QDs. 
This can be explained by the redistribution of In and Ga atoms 

Fig. 1. SEM images of lnAs QDs with InGaAs covering 
layer grown by (a) SMEE, (h) SMD, (c) traditional MBE 
methods, and (d) lnAs QDs 

Fig. 2. Room temperature PL spectra of four samples, 
InAs QDs and InAsilnGaAs QDs with the InGaAs 
capping layer grown by SMEE, SMD, and MBE methods. 

during the deposition of the InGaAs capping layer on h A s  
QDs!") A strain field caused by lnAs QDs induces the 
preferential migration attracting In atoms to lnAs QDs and 
expelling Ga atoms from the dots. Furthermore, during the 
overgrowth of the high In content InGaAs, new islands are 
generated at the nucleation center of the lnAs wetting layer. 
Using SMD method to cap the InGaAs layer elongates the 
surface migration length of In and Ga atoms as compared with 
using MBE method. Thus more In atoms can migrate to I d s  
QDs, and hence the dots capping by SMD method have bigger 
dot size and lower dot density. On he other hand, MBE 
method provides shorter migration lengths for the adatoms and 
thus has higher probability of nucleating new islands. Though 
both the QD size and density increase after capping the high In 
content InGaAs layer by SMD and MBE methods, the former 
method gives bigger dot size and more significant &-shift on 
the emission wavelength. For SMEE method, the desorption 
of In atoms may take place during the interruption stage 
because of lacking As2 protection. lnAs QDs with smaller size 
could disappear due to the desorption of its In content, and 
result in even a lower dot density than InAs QDs without 
InGaAs capping layer. However, the strongest migration 
ability provided by SMEE method may greatly enhance the 
size of the surviving QDs, which is the biggest among the 
three methods as can be seen in the figures. The vertical 
exchange of In and Ga atoms in migration enhanced epitaxy 
has been ever reported.'14' According to this theory, he  In 
atoms of the InAs QD and its covering layer may be replaced 
by Ga atoms, and the reduction of In content in both the dot 
and covering layer leads to a blueshift in PL transition due to 
the increment of the band gap energy. Although the SMEE 
sample has the biggest dot size, the total effect results in a 
shorterPL peak wavelength as compared withSMDandMBE 
samples. The results in ref. B show that there is a drastic 
decrease in PL intensity at 1.3 pm wavelengthregion when the 
In composition of InGaAs capping layer grown by MBE 
method is over 30%. However, in our study, we found that 
using SMD method can extend the wavelcngth to 1.3 pm 
without optical degradation when In composition of 33 % is 
used. 

The room temperature lasing spectrum and PL spectrum 
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Fig. 3. PL and lasing spectra for three stacks QD lasers 
with InGaAs layer capped by SMD methods. 
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Fig. 4. The threshold current density and lasing 
wavelenglh versus reciprocal cavity length plot for ASD 
lasers. 

o f  the three stacks QD laser by SMD methods are shown in 
Fig. 3. The PL was measured after the GaAs contact layer and 
InGaP upper cladding layer were removed. Two PL maxima 
corresponding to the ground state and the first excited state are 
clearly observed. For assleaved lasers with a cavity length of 
3.98 mm and 0.9 mm, the lasing wavelengtb are 1305 and 
1197 nm, and the corresponding threshold current densities are 
360 Aicm' and 2.96 KA/cm2. The lasing at either the ground 
state or the first excited state is depending on the cavity 
length. 

The threshold current density and the lasing wavelength 
versus the reciprocal cavity length of the laser are shown in 
Fig. 4. The lasing wavelength decreases from 1305 to 1193 nm, 
and the threshold current density increases from 360 A/cd to 
4.84 KA/cn?, as the cavity length is decreased from 3.98mm 
to 640pm. When the cavity length is equal to 96Opm. two 
lasing lines corresponding to the ground state and the first 
excited state transition present simultaneously at the current 
density of I .35 J,h. This reveals the competition of the ground 
state and excited state transition at higher pumping level due 
to gain saturation. As the cavity length is shorter than 960pm, 
the lasing line shifts from the ground state to the first excited 
state, and threshold current density jumps to 2.96 KAIcm' 
abruptly. This is also attributed to the gain saturation of the 
ground state. Since a QD can only fill finite number of carriers 
at the ground state, the maximal gain of the ground state is 
limited. As the cavity length is &creased, the mirror loss 
increases and finally makes the total loss larger than the 

0 4 m z m o p m l M o y x y ) M w  
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Fig. 5. Ground-state modal gain versus current densityfor 
different stacks layers of SMD QD lasers. The filled 
circles, triangles, and square refer to two, three, and four 
stacks structures, respectively. 

saturation gain of the ground state. Consequently, the laser is 
forced to lase at the first excited state, which has a higher 
order of degeneracy and thus higher saturation gain and 
transparency current density. The.intemal loss (a I ) and internal 
quantum efficiency vi) of the ground state in this laser are 
4.82cm-I and 28.3%. respectively. The ground-state saturation 
gain is as high as 16.6 cm-', which is due to the high dot 
density. 

Fig. 5 shows the relationship between the modal gain at 
threshold and the threshold current density for InAs/lnGaAs 
QD lasers with different stack layers. Using the results of 
threshold current, intemal loss and the equation that gain is 
equal to loss at threshold, &b=ai+ l/L*ln(l/R), the ground 
state modal gain can be estimated. The facet reflectivity, R, is 
0.32 in the calculation, and the internal loss is the value 
deduced from the experimental data. The maximal ground 
state modal gain of QD lasers with four, three, and two stack 
layers are 19.1, 16.6, and 10.5 c d ,  respectively. The average 
ground state saturation gain of these three lasers is about 5 
cm? per QD layer. 

N. Conclusion 

We have studied the effects of deposition methods for 
overgrowing the InCaAs capping layer on InAs QDs. By using 
different capping methods to deposit the high In contents 
InGaAs layer, the quantumdot density can be controllably 
changed from 2.3x1010to I.7xl0'"i2 withoutaprononnced 
decrease in PL intensity. Quantum dots with dot density as 
high as 7 . 6 ~ 1 0 ' ~  cm-' and photoluminescence peak at 1318nm 
can be obtained by submonolayer deposition capping method. 
We also investigated the characteristics of InAs/lnGaAs QD 
lasers with SMD method. For an assleaved laser with a cavity 
length of 3.98 mm, the lasing wavelength is 1305 nm and 
threshold current density is 360 A/cm2. By changing the cavity 
length, the steplike jumps of the lasing wavelength and 
threshold current density due to the gain saturation of the 
ground state are observed. The SMD QD laser diode with 
triple stack layers exhibits an internal loss of 4.82cni', and an 
internal quantum efficiency of 28.3%. The ground state 
saturation gain of the laser is 5.5cnil per QD layer. 
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