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The effect of thermal interdiffusion on (Ga)As/GaAs quantum dot structures is very significant,

due to the large strain and high concentration of indium within the dots. The traditional high
temperature annealing conditions used in impurity free vacancy disordering of quantum wells
cannot be used for quantum dots, as the dots can be destroyed at these temperatures. However,
additional shifts due to capping layers can be achieved at low annealing temperatures.
Spin-on-glass, plasma enhanced chemical vapor deposited, SigN,, and electron-beam
evaporated Ti@ layers are used to both enhance and suppress the interdiffusion in single and
stacked quantum dot structures. After annealing at only 750°C the different cappings enable a shift
in band gap energy of 100 meV to be obtained across the samp?®0® American Institute of
Physics [DOI: 10.1063/1.1803948

I. INTRODUCTION hanced. Multiple layers of dielectrics can be used to create
different energy shifts again, by one layer enhancing inter-
In order to achieve integration of optoelectronic devicesdiffusion while the other suppresses it. By varying the thick-
such as lasers and modulators, it is necessary to haveresses of the layers used the amount of shift can be
method to tune the band gap of the active region. Postgrowtbontrolled®
techniques have an advantage over other methods due to The effect of thermal interdiffusion on quantum dots is
their simplicity. Impurity-free vacancy disorderii-VD) is  very large, due to their high In content, large interfacial area,
a well-known technique for modifying the emission wave-and large strain. The additional interdiffusion created by
length of a semiconductor quantum wefilt is the simplest IFVD can be small relative to the thermal interdiffusion,
method to create different amounts of interdiffusion in dif- which is enhanced by the presence of defects due to low
ferent regions of a sample. The method involves depositing &emperature growth. It has been though that annealing at
layer of dielectric film(normally silicon dioxid¢ on top of  high temperatures is required to activate the out-diffusion of
the sample before heat treatment. Ga vacancies are creaté@. These high temperatures have been shown to degrade the
near the capping layer/GaAs interface by out-diffusion of Gagquantum doté. Some preliminary work has been done on
atoms into the capping layer. The resulting vacancies diffusguantum dots using different capping Iay%?%o. This has
down through the sample, enhancing atomic interdiffusiorshown that additional shifts can be seen at relatively low
between the different layers. In the case of a quantum wellannealing temperatures. Large additional shifts from sput-
the atomic interdiffusion causes a blue shift in the luminestered thermal interdiffusion of the quantum dot structures is
cence. The amount of vacancies credtbdrefore the degree very significant, due to the high concentration of indium
of interdiffusiorn) depends on the properties of the dielectricwithin the dots. The traditional annealing conditions used in
laye? ™ and the annealing conditior(ge., temperature and impurity free vacancy disordering of quantum wells cannot
time). The solubility of Ga in the capping layer is the most be used for quantum dots. However, additional shifts due to
important parameter, along with the thickness of the layercapping layers can be achieved at low annealing tempera-
which determines the number of Ga atoms that can be aldures. Spin-on-glass, PECVD SiOSiN,, and TiG, layers
sorbed into the layer. The mismatch between the thermaire used to both enhance and suppress the interdiffusion in
expansion coefficients of the layers and the semiconductaingle and stacked quantum dot structures. Differential shifts
also plays an important role. of up to 100 meV can be achieved with annealing at only
The different thermal expansion coefficients of the layers750 °C. SiQ and smaller additional shifts from plasma en-
and semiconductor will cause the capping layer/GaAs interhanced chemical vapor depositiPECVD) SiO, are seen at
face to be stressed during annealing, with the GaAs in eitheannealing temperatures from 700 9¢ As the amount of
tensile or compressive strain depending on the thermal exhermal interdiffusion in quantum dots is large, methods to
pansion coefficient of the cap layer. A compressively straineguppress interdiffusion are also required if devices with a
interface enhances the movement of the Ga vacancies creatiedge range of wavelengths are to be fabricated. In this work
at the capping layer/GaAs interface during annealingwe study the thermal stability of InGaA®QDs) and how
whereas tensile strain will trap these vacancies at the intedifferent dielectric layers affect the interdiffusion of the QDs.
face creating large defect clustérsf the strain created is
large enough it will also penetrate into the underlying Iayers.”' EXPERIMENTAL DETAILS
In this way different capping layers can be used to suppress The samples used in this study consist of either a single
interdiffusion in some regions while other regions are endayer or a three-layer stack of InGaAs quantum dots. The
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samples were grown by low-pressure metal-organic chemical 12 - as-grown
vapor deposition. The jxGa, sAs quantum dots were grown o 750°C
at 550°C before the temperature was ramped up to 650°C 91 i A T 800°C

for the growth of a 2000 A cap of GaAs above the dot lay- -
erns). In the stacked dot structures the dot layers were sepa- 2

rated by 300 A of GaAs. Two types of stacked dot structures <

0.8 '-
Zo6] |
were investigated, one set included a thin GaP layer betweenas | |}
each dot layer to provide strain compensatibn. P
After growth the samples were capped with different di- P
electric films and annealed. The annealing was carried outby g, | ; :
rapid thermal annealing under argon ambient and proximity S AN
capping. Silicon oxide, silicon nitride, and titanium oxide 0.0 et ey , ;
layers were used to create different amounts of enhancemen 880 920 960 1000 1040 1080 1120 1160
. . ee - (a) Wavelength (nm)
or suppression of interdiffusion in the samples. The silicon
oxide layers were deposited by either PECVD or a spin-on-
glass (SOQ film. The spin-on-glass layers were spun at
3000 rpm for 30 s and cured for 15 min at 300 °C. This
curing temperature has been found to be the minimum nec-
essary to create a large amount of IF¥Dhe thickness of
the films was approximately 2000 A. The SOG layers were
either undoped or doped with Ga to change the properties of
the layer. Around 2000 A of PECVD silicon oxide was de-
posited at RT. At low deposition temperaturgeom tem-
peraturg the layer is oxygen rich and more porous than films 0.2
deposited at higher temperatunléslt has been found with .
quantum well samples that these films created more 00 e
interdiffusion® The porosity affects the solubility of the Ga 920 960 1000 1040 1080 1120 1160 1200 1240 1280
atoms in the layer. Silicon nitride was deposited by PECVD () Wavelength (nm)
at 300 °C .tO Cre,ate_ the t,’eSt, q“a“tY layer, with th_e IeasEZIG. 1. Photoluminescence spectra of a single layer of quantum dots an-
amount of interdiffusion. Titanium oxide was deposited bynealed from 750-900 °C for 30(8) 10 K (b) 300 K.
e-beam evaporation. Photoluminescence spectra were mea-

sured at both room temperature and 10 K. The samples are The dot luminescence is blue shifted by 220 meV when
excited with an argon-ion laser at 514.5 nm and the luminesz,nealed at 900 °C for 30 s. The linewidth is reduced to

cence was detected using a cooled Ge detector. 19 meV or 23% of the original linewidth. This linewidth
reduction could come from several processes. Some report
Ill. THERMAL ANNEALING EFFECTS ON THE that as the dots increase in sieind decrease in In compo-
LUMINESCENCE sition) there is a greater homogeneity in the size distribution
(hence narrowing of emission spec)t?ﬁ This would require
The photoluminescence spectra from a single QD layea nonuniform interdiffusion of the ensemble to take place
annealed without dielectric capping for 30s from during annealing. Others believe that the interdiffusion is
750-900 °C are shown in Fig(d 10 K and(b) RT. After  creating a two-dimensional-like system and at high annealing
annealing at 750 °C and above the dot luminescence is bluemperatures the dots become a quantum {well.
shifted and narrowed. This shows that the interdiffusion pro-  After annealing the quantum dot luminescence is en-
cess is initiated at a much lower temperature than in quanturhanced at low temperatures, this is attributed partly due to
wells, where no significant shift is seen till high temperturesthe spectral narrowing and also to the annealing out of
(850—-900 °Q.! The as-grown dot luminescence peaks atgrown-in defects due to the low-temperature growth required
1052 nm, with a linewidth of 81 meV at low temperature. At for QDs. At room temperature the luminescence intensity is
room temperature the peak shifts to 1158 nm with a slightlysimilar to the as-grown intensity for the 750 °C anneal but
increased linewidth of 89 meV. The wetting lay@¥L) lu-  above 800 °C the dot luminescence intensity is greatly re-
minescence can be seen as a high energy sho@@6rnm  duced[Fig. 1(b)], in contrast to the low-temperature lumi-
at 10 K) to the dot luminescence in the as-grown spectrumnescence. This could be due to carrier leakage from the shal-
No change is seen in the relative intensities between thikower interdiffused QD potential. After annealing at 850 °C
high energy shoulder and the dot peak at various excitatiothe room temperature PL is very low and has a broad double
powers. Also it is found that the high energy shoulder sig-peak structure which is not seen in the low temperature lu-
nificantly decreases in intensity with increasing temperatureninescence spectrum. Also note in the low-temperature lu-
while the dot peak stays bright at higher temperatures. Thiminescence that at 800 °C the WD peak is still visible as a
indicates that the shoulder is not an excited state of the dathoulder but it is no longer visible at 850 °C. At this high
and is acting similar to a quantum well, i.e., the wetting layerannealing temperature significant interdiffusion takes places
in the Stranski-Kranstanow growth mode. leading to a very shallow confining potential for the dots. At
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FIG. 3. Low-temperaturd10 K) photoluminescence spectra of quantum

FIG. 2. Low-temperatur¢10 K) photoluminescence spectra of quantum goic with SiQ, TiO,, and SiN, capping layers annealed at 800 °C for 30 s.
dots annealed at 800 °C for 30 s with and without spin-on glass capping

layers.
was deposited at 300 °C to create the best qualigiNSi

low temperatures carrier transfer from the WL to the dotdayer that creates no additional interdiffusion. In Fig. 3 it can
leads to a narrow luminescence peak from the QDs. HowPe seen that the sample capped with PECVD silicon nitride
ever, at room temperature carriers have enough thermal ehas no additional shift from that of the thermal interdiffusion

ergy to transfer from QDs to the WL, so a broad emission igN® ¢apping whereas the PECVD silicon oxide shows the
seen. largest additional shift, larger than for the spin-on-glass.

Various capping layers have been found to enhance in-
terdiffusion, but as the thermal shift is so large for quantum
dots, the additional shifts have been found to be small in

In order to fabricate photonic integrated circuits it is im- comparison to those achieved by using the same layers on
portant to be able to have different amounts of shift createdjuantum well samples. Work has been carried out to try to
in different regions. This can be achieved by capping regionsuppress the thermal interdiffusihis has been achieved
with different capping layers. Two types of spin-on-glassby changing the stress at the dielectric/semiconductor inter-
(SOG were deposited on the samples, undoped or dopetace. SiQ has a much smaller thermal expansion
with Ga. The low-temperature luminescence is shown in Figcoefficient®  (0.52x10%°C™1) than GaAs (6.03
2. The undoped spin-on-glass film creates a large amount of 1076 °C1);*° this creates a stress on the SIGaAs inter-
additional interdiffusion, above that caused by thermal enface region during annealing. This translates into a compres-
ergy. The Ga-doped film shows very little additional shift sive stress in the GaAs and helps to drive the Ga vacancies
from the annealed sample without any capping layer. Byinto the sample, thereby enhancing interdiffustoh® Other
doping the film with Ga the diffusion of Ga out of the sample materials which have a larger thermal expansion coefficient
into the capping layer will be reduced. As this is the mechathan GaAs create tensile stress at the surface of the sample.
nism for vacancy creation the IFVD will be reduced, which Titanium oxide (thermal expansion coefficiefit of 8.2
has been demonstrated for quantum wilis. X 1076 °C™) is an example where tensile stress is created at

One problem with using spin-on-glass films for IFVD is the interface. When tensile stress is created at the surface it
that there is very little control over the thickness of the film. has been found that agglomerations of vacancies are formed,
The thickness of the layer as well as chemical compositiomather than free movement of vacanci&d® In Fig. 3 it can
can change the amount of interdiffusion created by the layebe seen that the titanium oxide layer is able to partially sup-
The PECVD process allows us to change the thickness bgress thermal interdiffusion. There is also a large concentra-
changing the deposition time. The quality porosity of the  tion of vacancies from the low-temperature growth very
layer can be controlled by changing the deposition paramelose to the dot region, the titanium oxide cannot completely
eters, such as the deposition temperature. By changing thehibit their movement at higher temperature anneals. The
thickness of the film, the amount of interdiffusion can bedifferential shift from the TiQ to the SiQ peak is approxi-
controlled as the thicker film can accommodate more Ganmately 140 meV.
atoms that out-diffuse. The amount of additional interdiffusin
saturates when the layer is about 800 A thitkn this study
2000 A thick films are deposited.

Another way of controlling the porosity is to control the
chemical composition of the layer. Mixtures of S\, have In this section the interdiffusion created by capping lay-
been used to create different amounts of sfiféa atoms are  ers was compared in a single layer and a three-layer stacked
insoluble in SiN,4, so the amount of shift created by PECVD dot structure. Two different stacked structures were studied,
SikN, is controlled by the amount of oxygen incorporation one with GaP strain compensation layers and the other with
from the source gas. In this study a 2000 A layer ofNSi  a reference structure. The growth of the GaP strain compen-

IV. CONTROLLED INTERDIFFUSION

V. INTERDIFFUSION OF SINGLE LAYER VERSUS
STACKED DOT STRUCTURES
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FIG. 4. Thermal shifts for single and stacked layers with and without GaPFIG. 5. Low-temperatur¢10 K) photoluminescence spectra of single and
strain compensation layers. stacked quantum dots with various capping layeyss-grown, annealed at
800 °C for 30 s with(b) no capping layer(c) SiO, and(a) TiO,.

sation layers is described elsewh&r@he 300 A GaAs bar-
riers between each dot layer were grown at the same te
perature as the dot growits50 °C), which is much lower
than normal GaAs growth temperature, therefore may intro
duce additional defects. The capping layers are deposited

psion effect. This is due to the tensile strain created by the
strain compensation layers that helps to suppress movement
of the vacancies around the dot region. The GaP strain com-
tsansation layers slightly reduce the effect of the silicon oxide
described previously for the single layer. ayer bu.t as it was such a large 'effect jto begm with, the
Similar to the single layers, large energy shifts, narrow-d'ﬁerent'.al betweeq the SiPand .T'OZ regions 1 agtually .
ing, and increased intensity are seen in the photolumineégrger with the strain compensation layers. The differential

cence of the stacked-layer structures after annealing. The eﬁt"fts between S|§)§md TiQ, are around 100 meV for the
ergy shifts created by thermal interdiffusion of the two stacked structure with GaP but only 80 meV for the stacked

stacked layer structures together with the single layer fo§trui:tture W'thtr?ot G?I;.Iarl]yers. lina t t wrati
comparison are shown in Fig. 4. The stacked structures have seems that at high annealing temperatures, saturation

increased energy shifts at low annealing temperatures. Thfgdéhf |nt|elrdt|ffudsf]|$n _occurs.tTgli IS .TOSI nogceable_m tTe
could be due to the larger concentration of defects in hgadiional interdifiusion created by silicon oxide capping. In

GaAs grown at low temperatures surrounding the dots in théhe single layer case the additional interdiffusion created is
stacked structure. These defects enhance the interdiffusio(ﬁ)tnswtr't abfol\llzei/gn a}nnesllzlrcl:%/éegperaétg% of 80.0 ﬁ The
process during annealing. At higher annealing temperature%a uration o using ior capping has

(>850 ° QO the stacked dot structures have less energy shif?nly _beeln obs_e;\r/]e_zd indht;gh-tempera:uret %nn?t?]lSGWh%n the
than the single layer structure. This could be due to the larg apping layer Is thin and becomes saturated wi a atoms.

strain associated with the stacked QD structure, where strai h_'S does not occur in this case, as no saturation is seen

relaxation might have partly taken place, having an oppositéJSIng the same layers on QW samﬁl%ﬁlso note that al-
effect on the PL energy shift from interdiffusion. though the single layer QD structure is saturated, the stacked

The stacked structures were capped with PECVD silicoAayer continues to have increased additional interdiffusion.

dioxide and e-beam evaporated titanium oxide. The energy
\_j,vkiltl:su |:;;(:lated by t.hese two capping Iaygrs were comparec ggg_ Single Ia¥er PPlai stack P sta

pped regions and the energy shifts created in single 2601 re re {
layer structures. The photoluminescence spectra of the refer 5,41 ~% SiO, o '
ence stacked structures compared to a single layer with th&s 200V TiO,/  p1-v-TiO/ ]
different cappings are shown in Fig. 5. The effect of the GEJ 200+ I j H ,j / »
capping layer is reduced for the stacked sample, because thg 180+ i, / m

X DRSS . 160 FARE s B ;

- K A, . B

thermal interdiffusion is greater. There are more grown-in g5 140 | ] § ] ’ /F
]

A4 e

defects close to the quantum dots in the stacked structurez; 120 / , . ‘,,-' ,
which compete with the vacancies introduced by the capping'g 100 s 1 $v ;
layers. Therefore, the vacancies created by the capping laye 23: e 1 &/ |
are not as significant an effect as in the case of single layers 41 / /¥ 17/ C 1 ‘,/. .
Similarly, the strain caused by the titanium dioxide is not 20]°® A~ {7 17
able to completely suppress the movement of grown-in de- 0 70(’)‘;508608‘1505(’)07307508608509(')0 73?75(5608?30960
fects that are close to the active region. The energy shifts

. O
seen in uncapped and capped samples from all three types o. Annealing temperature ("C)

s_amples are Sh_OWn in Fig_. 6. With the GaP strain compensang, 6. Total shifts for single and stacked layers with and without capping
tion layers the titanium oxide cap has a much larger suppresayers of SiQ and TiO,, after annealing at various temperatures for 30 s.
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However, the additional interdiffusion created in the stackednterdiffusion, providing a large range of wavelength tuning.
layer structures is less than in the single layer case, due to thgifferential shifts between silicon oxide and titanium oxide
increased thermal interdiffusion. Similar amounts of en-are around 140 meV for a single layer of dots but are re-
hancement are only reached for the highest annealing tenttuced to 80 meV stacked structures without GaP strain com-
peratures. The saturation may occur due to a competitiopensation layers. using GaP strain compensation layers in-
between interdiffusion and strain relaxation. The room tem<reases the differential shift to 100 meV.
perature luminescence intensity is much reduced after an-
nealing at the higher temperatures, indicating a strain relax-"Semiconductor Quantum Wells Intermixjreglited by E. H. Li, Optoelec-
ation process. The difference in the stacked dot case may béronic Properties of Semiconductors and SuperlatiiGssdon and Breach
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