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Abstract : The growt h of multi2layer In GaAs/ InAs/ GaAs self2assembled quantum dots (QDs) by molecular beam

epitaxy (MB E) is investigated , and a QD laser diode lasing at 1133μm in continuous op eration mode at room tem2
perature is rep orted. The f ull widt h at half maximum of t he band edge emit ting peaks of t he p hot oluminescence

( PL ) spect ra at room temperature is less t han 35meV f or most of t he multi2layer QD samples , revealing good , re2
p roducible MB E growt h conditions . Moreover , at omic f orce microscop y images show t hat t he QD surf ace density

can be cont rolled in t he range f rom 1 ×1010 t o 7 ×1010 cm - 2 . The best PL p roperties are obtained at a QD surf ace

densit y of about 4 ×1010 cm - 2 . Edge emit ting lasers containing 3 and 5 stacked QD layers as t he active layer lasing

at room temperature in continuous wave op eration mode are rep orted.
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1 　Introduction

InAs quant um dot s ( QDs) have been inten2
sively studied in recent years because of t heir
p romising applications in 113μm QD lasers for fi2
ber2optic communication systems. InAs QD lasers
are expected to have superior lasing properties ,
such as a low t hreshold current density and a high
characteristic temperat ure , because of t heir delta2
f unction2like density of states[1 ] . Thus , t hey are a
p romising alternative to commercial In GaAsP2
based lasers ,which have poor temperat ure charac2
teristics because of insufficient carrier localization
in their quant um wells. In addition , using GaAs
subst rate for t he InAs QDs would make it possible
to use Al GaAs alloys as cladding and waveguide
layers and fabricate an Al GaAs/ GaAs Brag reflec2
tor in a single p rocess at low cost .

In t he past few years , much work has been
done to improve and exploit t he p roperties of self2
assembled InAs QDs grown by molecular beam ep2
itaxy ( MB E) [2～7 ] . The emission wavelengt h of I2

nAs QDs can be t uned in t he 111～117μm region
by varying t he growt h conditions[8 ,9 ] . Many high
quality InAs QD lasers with low threshold current
density and high characteristic temperat ure have
been reported[10 ] .

Alt hough significant improvement s in t he
growt h of InAs QDs have been achieved , optical
gain is still limited by relatively low dot density ,
which makes InAs QD lasers hard to lase at t he
ground state. There are two main effective ways to
overcome t his p roblem :one is to increase t he QD
density by optimising t he growt h conditions , and
t he ot her is to increase t he effective number of QDs
by using multi2layer QD st ruct ures. The InAs QD
density has been increased to about 1 ×1010 ～1 ×
1011 cm - 2 by varying growt h conditions[2～7 ,11 ] .
However , at a high QD density , t he QD size is
small , and the emitting wavelengt h tends to be
short [2～7 ,11 ] . In this paper , we present a detailed
study of the growth conditions of InAs QDs by
MB E. Relatively long emit ting wavelengt hs of 1133
～1135μm with a high density up to 4 ×1010 cm - 2

are achieved.
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Multi2layer st ruct ures are usually adopted to
increase optical gain for QD laser devices[11～16 ] .

However ,t he coupled QDs in the multi2layer st ruc2
t ures are usually highly st rained. In t his work ,
t hick GaAs spacer layers up to 50nm between the
QD layers are adopted. We also take an in sit u an2
nealing t reat ment during t he growt h of the spacer
layers to remove defect s induced by t he high
st ress. In addition ,we have focused extensively on
reducing t he defect s inside t he QDs and narrowing
t he dot size dist ribution while keeping t he density
high . The density of t he InAs QDs is increased ,and
t he optical p roperties are imp roved by optimising
growt h conditions. In GaAs cap layers are employed
to extend t he wavelengt h of t he InAs QDs to
1135μm. High2performance InAs QD edge2emit ting
lasers lasing at room temperat ure in continuous
wave operation mode are reported.

2 　Experiment

The InAs QDs were grown on ( 001) GaAs
subst rate in a Veeco Mod Gen Ⅱ MB E system e2
quipped wit h a reflection high2energy elect ron2dif2
f raction ( R H EED) inst rument . The epitaxial st ruc2
t ures contain a 300nm GaAs buffer layer ,a QD ac2
tive region ,a 50nm GaAs capping layer ,and a QD
layer on top ,which is for atomic force microscopy
(A FM) measurement . The QD active region was
formed by depositing 118～315 mono2layer ( ML )

InAs followed by a t hin In GaAs covering layer .
The InAs QDs were formed under a repeated
growt h sequence of a 011～0115ML InAs growt h
(1～5s) and a 5s As exposure ,which is known as
t he interruption growt h mode. The growth inter2
ruption was int roduced in order for t he subst rate to
reach t hermal equilibrium at t he desired QD
growt h temperature. The growt h temperat ures
were 580 ℃for t he buffer and 460～510 ℃for the
QDs and covering layers. A valved As cracker cell

was used to supply t he As2 beam. The As/ ⅢB EP
ratio for all t he layers was kept between 15 and 20.
The t ransition of InAs growth mode f rom two to
t hree dimensions was checked by t he R H EED.

For laser st ruct ures , t he QD active region is
grown at the center of an undoped GaAs waveguide
with n2type lower and p2type upper cladding layers

of Al0. 5 Ga0. 5 As. The Be and Si doping level in the

n2 and p2type cladding layers is 2 ×1018 cm - 3 . De2
vice fabrication begins wit h t he formation of 20μm
ridges wit h reactive ion etching followed by t he
plasma2enhanced chemical2vapor deposition of a
t hin SiO2 layer . The SiO2 layer above t he ridge is
plasma2etched to enable elect rical contact . The
CrAu p2type contact s are e2beam deposited. Final2
ly ,Au2Ge2Ni n2type contact s are e2beam deposited
after t he subst rate has been lapped down to a
t hickness of about 125μm. The wafer is then
cleaved into laser bars wit h a cavity lengt h of
3mm ,wit hout facet coating.

The variable temperat ure PL spect ra were
measured using the 63218nm line of a He2Ne laser
and dispersed using a Nicolet F TIR760 Fourier
spect rometer . The signal was collected using a
cooled Ge detector . The A FM measurement s were
carried out to study t he QD morp hology using a
NanoScape Ⅲa (Digital Inst rument s) microscope in
contact mode.

3 　Results and discussion

3. 1 　Control of the morphology of the InAs QDs

The A FM images of InAs QDs of samples 1A ,
1B ,1C , 1D , 1 E , and 1F are shown in Fig. 1. The
QDs were formed using the interruption mode at
480 ℃. The InAs deposition amount s for samples
1A～1F were 118 ,212 ,215 ,310 ,310 ,and 212ML ,
respectively. The InAs deposition rate was 011ML/
s for samples 1A ,1B ,1C ,1D ,and 1F and 0115ML/
s for sample 1 E. The InAs QDs were formed under
a repeated growt h sequence of a 011ML InAs
growt h (1s) and a 5s As expo sure for samples 1A
～1 E and a sequence of a 015ML InAs growth (5s)

and a 5s As expo sure for t he sample 1F. For all
samples , when 118 ～ 210ML was depo2sited , t he
R H EED pat tern changed f rom st reaky to spot ty ,
indicating that InAs grows in a 3D mode. From t he
A FM images ,it is clear t hat the QD density increa2
ses gradually to a maximum as t he amount of InAs
deposition increases. But f urt her increasing the I2
nAs deposition could decrease t he QD density. For
t he sample 1A ,t he amount of InAs deposition lies
just at t he critical t hickness for dot formation. It s
QD density is only 711 ×109 cm - 2 . The QD density

increases to about 412 ×1010 cm - 2 when t he amount
of InAs depo sition increases to 215ML . This high
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Fig. 1 　AFM images (a)～ (f) of InAs QDs of samples

1A～1F grown by MBE on GaAs (001) subst rate (1μm

×1μm area f or all images)

densit y is favorable f or increasing t he gain t o make

t he InAs QD lasers lase at t he ground state. The
average QD diameter and t he height of samples
1A ,1B ,and 1C are similar ,about 45 and 415nm ,re2
spectively. The dist ribution of their QDs size is
narrow. But t he QDs of sample 1D are of bimodal
dist ribution. The average lateral diameter of the
large QDs is about 5113nm ,and t he height is about
10nm. The average lateral diameter of the small
QDs is about 25nm ,and t he height is about 5nm.
For samples 1A ,1B ,and 1C ,t he QD density increa2
ses wit h InAs deposition while the average QD size
act ually remains constant . This is a lit tle different
f rom t he p henomenon observed by Leonard[17 ] and
Kobayashi [18 ] , in which wit h InAs deposition , the
average QD size decreases while t he QD density in2
creases ,which has been explained in terms of the
interaction between QDs and an at tachment barrier
around t he QD edges. The explanation for our case
could be t hat the interaction between t he QDs and
t he at tachment barrier around t he QD edges p re2
vent s the QDs f rom growing up but is not st rong e2
nough to reduce t he QD size. As more InAs is de2
posited ,t he size dist ribution of the QDs evolves in2
to a bimodal dist ribution while t he QD density de2
creases ,which is just t he case of sample 1D. The
reason for t his could be t hat the neighbouring QDs
begin to coalesce to reduce t he QD density as more
InAs is deposited. As a consequence , t he effect of
t he QD interactions is reduced , resulting in an in2
crease in t he average size of existing t he QDs and
formation of new ,small QDs. The formation of this
bimodal dist ribution indicates the coexistence of
two metastable states and st rongly support s the

t hermodynamic nat ure of t he quant um dot
growt h[19 ] . Malachias has shown using X2ray dif2
f raction t hat t he small nanost ructures are coherent
(st rained) and t he large nanost ruct ures are inco2
herent (relaxed) [19 ] . Since t he bimodal dist ribution
and incoherent st ruct ure are not favourable for QD
lasers , t hey should be rest rained during t he
growt h.

The growt h conditions of sample 1 E are simi2
lar to 1D except for a higher growt h rate of
0115ML/ s. In t he A FM image of sample 1 E ,the bi2
modal dist ribution is not obvious. The density of
t he small QDs is low and t he size of the large QDs
is small compared to sample 1D. This means that a
high growt h rate could rest rain t he evolution of t he
bimodal dist ribution. A high growt h rate could also
increase t he QD density. As a consequence ,t he a2
mount of InAs deposition for sample 1 E is not e2
nough for t he neighbouring QDs to coalesce as in
sample 1D.

The amount of InAs deposition per p ulse in
t he interruption mode also affect s t he morp hology
of t he QDs. Sample 1F was grown in a sequence of
a 015ML InAs growt h (5s) and a 5s As exposure.
It s other growt h parameters are t he same as that of
sample 1B. From A FM images , it is clear t hat it s
QD density , 2159 ×1010 cm - 2 , is a lightly higher

t han t hat of sample 1B ,which is 2115 ×1010 cm - 2 .

Anot her important growt h parameter for InAs QDs
is temperat ure. It is known t hat the QD density
could be increased noticeably by lowering t he
growt h temperature. However , t he low tempera2
t ure could induce defect s and poor optical p roper2
ties ,effect s which will be discussed later .

3. 2 　Photoluminescence properties of the InAs QDs

　　PL spect ra for samples 1A～1F are shown in
Fig. 2. The InAs QDs of samples 1B～1F are cov2
ered wit h 6nm In0. 2 Ga0. 8 As , but sample 1A is
capped by GaAs directly. From t he above morp hol2
ogy studies ,t he QD size of sample 1A is similar to
samples 1B ,1C ,1 E ,and 1F. But it s emit ting wave2
lengt h is noticeably shorter than t he lat ter ones.
This means that the QDs emit at a longer wave2
lengt h when the In0. 2 Ga0. 8 As cover layer partially
reduces the compressive st ress and lowers the po2
tential barriers.

The low QD density is subject to sat uration of
t he ground state when excited intensely. Thus t he
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Fig. 2 　PL spect ra of samples 1A ,1B ,1C ,and 1D (a) ,

and 1 E and 1F (b) at room temperature with an excita2
tion power of 16mW

relative intensity of the emit ting peak f rom the
first excited state is inversely p roportional to the
QD density when excited wit h intense light . This is
consistent wit h our case. From Fig. 2 , it is clear
t hat t he relative peak intensity of the first excited
state decreases as t he QD density increases for
samples 1A ,1B ,1D ,and 1C. The peak intensity of
t he first excited state is even higher t han the
ground state for sample 1A ,due to it s very low QD
density. For sample 1C ,t he peak of t he first excited
state is hard to recognize due to it s very high QD
density ,which is very favourable for laser devices.

Figure 2 shows t hat t he peak intensity of sam2
ple 1B is much higher t han t hat of sample 1A. This
could be explained by the different QD densities
and covering layers between the samples. For the
sample wit h a higher QD density , more QDs con2
t ribute to emission when excited with the same in2
tensity. In addition ,t he In0. 2 Ga0. 8 As covering layer
could relax the compressive st ress of the QDs par2
tially and reduce t he formation of the non2radiative
defect s. As a consequence ,t he emission intensity of

sample 1B should be st ronger t han t hat of sample
1A. However , t he emission of samples wit h even
higher QD density ,such as 1C ,1D ,and 1 E ,is lower
t han t hat of sample 1B. This can be explained by
t he greater number of non2radiative defect s formed
during t he QD growt h due to t he large compressive
st ress induced by t he higher QD density. The
growt h conditions of sample 1F are almost t he
same as t hat of sample 1B except for the amount of
t he InAs deposition per interruption. But Figure 2
(b) shows t hat it s emission is much shorter than
sample 1B. A possible explanation for t his could be
t hat t he subst rate could not reach thermal equilib2
rium during the continuous deposition of t he InAs
in t his case. The amount of InAs deposition per in2
terruption also affect s t he PL pro2perties. As
shown in Fig. 2 ( b) ,sample 1 E shows a slight blue
shif t compared to t he sample 1D due to t he larger
amount of InAs deposition per interruption.

The temperat ure dependence of t he PL emis2
sion of sample 1C was investigated under the exci2
tation power of 16mW f rom 813 to 300 K ,as shown
in Fig. 3. To bet ter illust rate t he PL properties ,we
plot the temperat ure dependencies of the peak posi2
tion ,intensity ,and FW HM of t he low energy peak
in Figs. 3 (b)～ (c) . Up to 80 K ,t he energy peak po2
sition shif t s to a low energy monotonically. At a2
bout 100 K , an anomalous decrease was observed.
We explain t his behaviour as being caused by a
t hermally activated elect ron t ransfer f rom t he small
dot s to the larger ones. The temperat ure depend2
ence of the FW HM of t he peak bet ter illust rates
t his behaviour ,as shown in Fig. 3 (c) . We observe
an anomalous decrease of t he FW HM around 100 K
due to t he t hermally activated elect ron t ransfer .

In many previous report s , S2type curves were
observed in t he temperat ure dependent PL spect ra
of t he InAs QDs[ 20～23 ] . The S2type curve at low

temperat ures is usually related to t he high carrier
localization inside t he QDs. It is hard to observe t he
S2type curve in Fig. 3. This indicates t hat t he den2
sity of t he carrier localization inside t he QDs in
sample 1C is low , revealing a good MB E growt h
condition.

3. 3 　Properties of the InAs QD edge emitting lasers

　　From t he above discussion ,we know that sam2
ple 1C has a high QD density and good PL proper2
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Fig. 3 　Temperature dependent PL spect ra of sample

1C with an excitation power of 16mW 　(a) Normalized

intensity ; ( b) Peak position ; (c) Integration intensity

and FW HM of the low energy peak

ties for laser devices. Although t he QD density has

been increased to 412 ×1010 cm - 2 for sample 1C ,it
is still too low for t he InAs QD lasers to lase at the
ground state. We overcome this p roblem by in2
creasing the effective number of QDs using multi2
layer QD st ruct ures. Five layers of InAs QDs were
grown wit h 50nm GaAs layers as barriers. The
GaAs barriers are t hick enough to decouple the
neighbouring QD layers. The barriers were an2
nealed during growt h to eliminate non2radiative de2
fect s.

Figure 4 ( a) shows t he laser spect rum of an

InAs QD laser with a 3mm2long cavity in continu2
ous wave mode at room temperature. The lasing
wavelengt h is 1133μm , confirming that the device
lases at t he ground state. Our wavelengt h is com2
parable to t he best reported R T CW quantum dot
laser at 1133μm with a much lower t hreshold cur2
rent density of 19A/ cm2[21 ] . Figure 4 (b) shows t he
light outp ut characteristics and bias voltage versus
current of the laser . The t hreshold current and
t hreshold current density are about 150mA and
250A/ cm2 , respectively. The average external dif2
ferential quant um efficiency ,ηext , ca n be ext racted

f rom t he slop e of t he L2I curve . The value is a2
bout 2116 %. The results i ndicate t hat t he st ruct ure

of t he multi2laye r of QDs sep a rated by t he a n2
neale d GaAs sp ace r laye rs p reve nts gain sat ura2
t ion , allowi ng us t o ac hieve a long2wavele ngt h la2
se r op e rati ng at t he ground sta te .

Fig. 4 　( a ) L aser sp ect rum of a 3mm2cavity2lengt h

InAs QD laser op erating in CW mode measured at

room temp erature ; ( b ) L ight outp ut characteristics

and bias voltage versus cur rent of t he lasers

4 　Conclusion

We have successf ully grown multi2layer In2
GaAs/ InAs/ GaAs self2assembled quant um dot la2
ser diodes emit ting at 113μm. The morp hology and
surface density of t he InAs QDs can be cont rolled
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by t he MB E growt h parameters. The QD layer ,
with a surface density of around ( 3 ～ 4 ) ×1010

cm - 2 , shows good PL p roperties. The effect s of QD
morp hology on PL p roperties are discussed ; no S2
type curve appeared in t he temperat ure dependent
PL spect ra (f rom 813 to 300 K) ,indicating t hat the
density of t he carrier localization inside t he QDs is
low. The edge emitting lasers containing 5 layers of
QDs and lasing at room temperature in continuous
wave operation mode are achieved.
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113μm 自组织 In GaAs/ InAs/ GaAs 量子点激光器分子束外延生长 3

牛智川 　倪海桥 　方志丹 　龚 　政 　张石勇 　吴东海
孙 　征 　赵 　欢 　彭红玲 　韩 　勤 　吴荣汉

(中国科学院半导体研究所 , 北京　100083)

摘要 : 报道了分子束外延生长的 113μm 多层 In GaAs/ InAs/ GaAs 自组织量子点及其室温连续激射激光器. 室温
带边发射峰的半高宽小于 35meV ,表明量子点大小比较均匀. 原子力显微镜图像显示 ,量子点密度可以控制在 (1～
7) ×1010 cm - 2范围之内 ,而面密度处于 4 ×1010 cm - 2时有良好的光致发光谱性能. 含有三到五层 113μm 量子点的
激光器成功实现了室温连续激射.

关键词 : 量子点 ; 砷化铟 ; 激光器
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