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InGaAs quantum dots grown with GaP strain compensation layers
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A major obstacle in the growth of stacked dot structures with a large number of layers is the high
degree of strain in the dot layers. Strain buildup can affect the nucleation of the dots, which may
cause defects that are detrimental to device performance. In this work, thin GaP layers are inserted
below the quantum daiQD) layer in single and stacked JgGa, sAs/GaAs QD structures. These
layers counterbalance the strain caused by the previous layers. Changes in dot nucleation are
observed for dots grown directly on GaP layers. The QDs are found to be smaller in width and
height. The luminescence from these dots is blueshifted due to interdiffusion between the dots and
the GaP buffer layer. In a single layer of dots, no change in dot formation is seen when a thin GaAs
barrier layer is deposited between the GaP layer and the QD layer. However, in stacked structures,
the addition of a GaP layer below each QD layer is found to increase the density of the dots in the
top layer of the stack. The room-temperature photoluminescence intensity is also
increased. ©2004 American Institute of Physic§DOI: 10.1063/1.1707230

I. INTRODUCTION should stabilize the system during annealing and should also
stop the strain field from the previous layer affecting the

In recent r ntum D Vi hav n . .
ecent years, guantu d@ ) devices have bee nucleation of the dots in the upper layers of a stacked struc-
shown to provide performance gains over quantum well de:

X . .. ture
vices. However, there are some challenges in fabricating

these devices. QD devices, such as lasers and photodetectors,

require n_1u|ti_p|_e layers of dots to create enough ga_tin to_opn_ EXPERIMENT

erate. It is difficult to grow stacked dot structures in which

each dot layer has a similar size and density and is without The samples were grown using a low-pressure horizontal
defectst? Each layer is highly strained and, after severalflow MOCVD reactor. The sources used were tri-methyl gal-
layers, dislocations start to form in the upper layttdhese lium, tri-methyl indium, arsine (Ask), and phosphine
dislocations are detrimental to device performance. EveilPH;). For the study of the dot nucleation on a tensile
with large separations between the layers, dislocations occustrained layer, a single layer of dots was grown with a GaP
when many layers are stacked. Large numbers of dot layelayer underneath the dots. Firstly, a buffer layer of GaAs was
(>10) are required for photodetectors. Laserand grown at 650°C, and the growth temperature was then re-
photodetectofswith small numbers of multiple layers of QD duced to 550°C for the dot growth. The dot layer was
layers have been demonstrated. However, only a few grougdermed from 5.8 monolayers of §RGa, sAs using a V/III
have reported devices grown by metalorganic chemical varatio of 15. A thin (5-20 A GaP layer was grown either
por deposition(MOCVD).”"® MOCVD is the preferable directly before the dots or with a smaB0 A) GaAs barrier
growth technique for manufacturing, but it is more difficult between the dots and the GaP layer. After the dot growth, the
to grow QD device structures using MOCVD. One reason igemperature was ramped back up to 650 °C during growth of
because of the higher growth temperatures (700—750°CA 3000 A GaAs capping layer. The temperature was then
required to grow the AlGaAs layers included in the devicereduced again for a second layer of dots, which was left
structure. This produces an annealing effect on the QD layensncapped for the purposes of atomic force microscopy
that have been grown at a lower temperature (500—550 °CYAFM) measurement.

The effect of this annealing has been studied and shown to As well as single-layer structures, stacked structures
reduce the photoluminescen(el) intensity dramatically as were grown to demonstrate the reduction in strain buildup.
well as causing a blueshift and closer energy spacings bé&wo sets of samples were grown. Samples with a 2000 A cap
tween the excited staté®! The thermal stability of these were grown for luminescence measurements, and samples
stacked structures is also affected by the strain. Both intemwith the top layer of the stack left uncapped were used for
diffusion and strain relaxation processes occur during anAFM measurements. In all samples, three dot layers, sepa-
nealing. In this work the use of GaP as a strain compensatiorated by 300 A of material, were grown. The growth of the
layer is investigated. The GaP layers are in tensile strain witllots is the same as was just described. The GaP layer in all
respect to GaAs, with a lattice mismatch of 4%, whereas theampless 5 A thick. For sample A, there are no GaP layers;
IngsGaysAs dots are in compressive strain. By growing ain sample B, each GaP layer is 150 A below each dot layer;
thin layer of GaP the strain caused by the GaP layer shoultbr sample C, they are 50 A below; and in sample D; they are
partially compensate the strain caused by the dot layer. This0 A below each dot layer. Sample E has a GaP above each
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FIG. 1. AFM pictures of InGaAs dots,
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dot layer approximately 100 A above the wetting layerring with the GaP buffer during growth. This reduces the
(WL). In sample F, the dots are grown directly on GaP lay-strain in the WL and smaller dots are formed. During growth,
ers. interdiffusion occurs between the InGaAs dot material and
The AFM measurements were carried out on a multi-the buffer layer. Interdiffusion during the growth of dots has
mode Nanoscope III™ machine in contact mode. The roombeen studied previously, and it is especially noticeable in the
temperature PL spectra were measured by exciting with #1As system, in which studies have demonstrated a compo-
green diode pumped solid-state laser source. The PL wastion gradient in uncapped dotsIn our case, both the In-
dispersed through a 0.5 m monochromator and collected witlbaAs dots and the GaP buffer layer are strained. The dots are

an InGaAs detector. under compressive strain while the GaP buffer is under ten-
sile strain, so that an increase in the amount of interdiffusion
IIl. CHANGES IN NUCLEATION OF A SINGLE LAYER is expected. Both group Il and group V interdiffusion will

be taking place, thereby lowering the In content of the dots

The QD nucleation(size and density of the dotsle-  and promoting As/P exchange in the dots. Therefore, In-
pends on the surface energy as well as the strain difference gfzasp dotgwith a lower In contentare created. These are
the system. It is expected that the GaP surface energy will bRss strained in the GaAs matrix than the InGaAs dots, so
different from that of GaAs, which will change the nucle- that they can be expected to have a lower height.
ation of the dots. It was found that the tw@D)- to three- It was found that the PL of the dots grown directly on
dimensional (3D) transition occurred sooner on the GaP gap was shifted towards shorter wavelengths. Figure 2
buffer. There was also a larger range in the amount of deposshows the PL from dots grown on GaAs and GaP layers, and
ited material in which coherent dots were formed. Normally,then capped with GaAs. The same amount of material was
coherent dots are formed until a saturation density, aftefsed to form the dots in each case. As discussed earlier, we
which the density of dislocated clusters increases. In thigglieve some group V interdiffusion is occurring, as well as
case, more material can be deposited without a high density, enhancement of the group Il interdiffusion. This reduces
of dislocated clusters forming. Figure 1 compares InGaAsne strain in the dots, which could create a small redshift in
dots of two different amounts of material grown on GaAstne dots. However, the dots have slightly smaller height, with
and on GaP buffer layers. The dots grown on a thin G&P  gecreased In and a small amount of P. These factors all lead
A) buffer layer are slightly smaller in width and height than 1o 4 blueshift in the luminescence. Interdiffusion will also

the dots grown on GaAs. For the larger dots, as the buffepccur during the growth of the GaAs capping layer, and an
layer thickness increases, taller dots are formed. The height

of self-assembled dots is normally associated with the strain

in the system(e.g., InGaAs are much flatter than InAs dots N T T ot on Gas

on GaAs. Here, there are two competing processes. Firstly, 107 - Dots on 5A GaP

the GaP buffer layer increases the surface energy and strain, 9]...... Dots on 10A GaP

which should increase the height of the dots. The transition 81

from 2D to 3D growth also occurs at a smaller thickness, so 5 ;

that for the same amount of material deposited, the dots are 3 5]

more evolved. For small amounts of material, the dots be- g 4

come denser when grown on GaP buffer layers, but once the £ ]

saturation density is reached, the dots become larger and less 21 .
uniform. The saturation density was the same for the dots 1 I- RN
with or without the GaP buffer layer; however, it occurs at a 0 AT TP

1080 1120 1160 1200 1240 1280

smaller amount of deposited material on a GaP buffer.
Wavelength (nm)

A second process causes the height reduction in the case
of a small amount of GaP; namely, the interdiffusion occur-FIG. 2. PL spectra at RT for InGaAs dots grown on various buffer layers.
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mcreas? in this interdiffusion would also cau§e a bl.ueShl.ft II":IG. 4. PL spectra at RT of stacked InGaAs dots grown with GaP strain
the luminescence. Although small changes in the Interd”cﬂj'compensation layers at various distances away from the dots layers. Sample
sion will take place due to the change in shape of the dotsAis without GaP; B has 5 A GaP 150 A underneath dots; C has 5 A GaP 50
the In—Ga interdiffusion during Capping |ayer growth is notA underneath dots; D has .5 A GaP 10 A underneath Fiots; E has 5 A GaP
expected to increase in the case of the dots grown on the G%%?D/i\aabove the WL; and in F, the dots were grown directly on top of the
. . . . yer.

buffer layer. The reduction in PL intensity in the samples on
GaP buffer layers may be due to a shallower confining po-
tential, which allows more carrier leakage at room tempera-
ture. GaP layer had only a small increase in the dot density of the

If the amount of dot material is kept constant, the line-uppermost layer compared to the structure with no strain
width of the PL spectra of dots grown on the GaP buffercompensation. This is because, although the overall structure
layers decreased. When a thB0 A) GaAs layer is grown Wwill have less strain, there is still a buildup of strain that is
between the GaP layer and the dots, an increase in the Fdeen at the time of nucleation of each dot layer. In the case of
linewidth and a small shift to the red is observed. This isthe GaP layer separated from the dot layer, the tensile strain
consistent with a larger size distribution of the dots due tdield in the GaP layer counterbalances the strain field from
surface roughness. No difference between this sample aritie previous dot layers. The dot layer is then formed on a
one without GaP was seen by AFM. Therefore, the blueshifGaAs buffer, which has a reduced strain.
observed in the other samples must be due to the changes in The other major factor in the dot nucleation is the rough-
nucleation and interdiffusion during formation of the QDs onness caused by each dot layer. The GaP layers seem to
the GaP buffer layer. smooth out the surface as well as provide strain compensa-
tion. This can be seen in AFM images of the uncapped
samples, but for quantitative data the surface roughness of
capped samples was measured. A three-layer stack structure

It is difficult to grow uniform stacked dot structures as was grown at 550°C, and a 2000 A GaAs cap was then
the strain from each dot layer affects the nucleation of thegrown while the temperature was increased to 650°C. The
next dot layer. This occurs noticeably when small separationsurface roughnegsms value was measured by AFM. For a
are used. In this case the subsequent layers of dots form dhree-layer stack with no strain compensation, the value is 19
top of the first layer of dots, forming dot columiSEach A, which shows that even after 2000 A of capping growth,
subsequent layer of dots becomes more uniform and the dotlere is still significant surface roughness. With GaP layers
are generally larger. This is caused by the underlying dotincluded 10 A away from each dot layer, the surface rough-
creating small regions of reduced strain which act as nucleaess reduced to 3.4 A, which is close to a monolayer rough-
ation sites for the next layer of dots. However, in this studyness. The closer the GaP layer was to the dots, the smoother
there is a much larger separation between the dot layers, $he surface became. This is mainly due to the lower density
that the strain from the previous layer will be uniform and noof large dislocated clusters in the structures, with GaP layers
nucleation sites are present. There will be a general buildupery close to each dot layer. The other factor is the strain
of strain and strain compensation layers can be used to limduring the growth of the GaAs barrier. When the GaP was
this strain buildup. In a three-layer stacked structure with nglaced close to the dot region, there was less strain on the
strain compensation, the dots in the uppermost layer of th&aAs barrier layer while it was grown.
stack were found to be smaller in width and height thanina The RT PL of each structure is shown in Fig. 4. The
single layer of dots. Figure 3 shows AFM images of the topintensity of the luminescence greatly increases as the GaP
layer of a three-layer QD stack, in which each layer is sepastrain compensation layer is placed closer to the dot region.
rated by 300 A. In imagéa) there is no strain compensation There is also a small blueshift and a large narrowing in the
(sample A, whereas in imagé) there 5 a 5 A GaRayer 50  PL of the structures with GaP layers. The narrowing is larger
A below each dot layetsample @. The uppermost layer of than that expected by interdiffusion. The narrowing is caused
dots in a stacked structure with GaP layers is similar in widthby the changes in the nucleation of the second and third
to a single layer of dots, but are slightly smaller in height.layers. The structures with GaP close to the dot region have
The stacked structure grown with the dots directly on thedots of a similar size in each layer of the stack, whereas in

IV. STACKED STRUCTURES
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TABLE I. The energy shift in RT luminescence due to annealing with vari-
ous layer structures. The anneals were carried out in the MOCVD reactor
under Arsine ambient for 40 min.

Energy shift(meV) Energy shift(meV)

Sample  Placement of GaP 650°C 700°C
A no GaP layers 54.9 102.4
FIG. 5. AFM images of the third layer of dots i@ previous sample(b) B 150 A below dots 50.2 104.1
smoothed barrier layers, aric) smoothed barrier layers and a GaP layer 50 C 50 A below dots 39.5 88.9
A below the dots. All images are 500 n500 nm. D 10 A below dots 44.9 110.0
E 100 A above WL 51.7 106.5

the sample without GaP layers, the strain builds up an
changes the nucleation in the upper dot layers. The blueshift
is probably caused by the dots having a slightly smalleR, THERMAL STABILITY

height in the samples with GaP due to the reduction in strain )
during the nucleation process. For actual device structures to be grown by MOCVD,

Sample E is a little different. Here, the GaP layer wasthe temperature must be raised_ above 650 °C for th_e growth
deposited on top of the dots, 100 A away from the WL,Of the upper cladding layers. This creates an _anneallng.effect
which is 200 A below next dot layer. As the dots are roughly®n the dots. The stacked dot structures, with gnd without
40-50 A high, this GaP layer is a distance away from the>aP, were annealed at 650 or 700°C for 40 min under an
dots that is similar to the case with the GaP layer 50 AASHs overpressure. In Table I, the energy shift of the RT PL
underneath the dots. Therefore, one would expect a simildf@used by this anneal is presented. The structures with the
strain reduction behavior. The PL of this sample is not blue GaP strain compensation layers close underneath the dot
shifted when compared to sample A, but it is narrower. Thiddyer have a much reduced energy shift. The introduction of
indicates that the size is not changed, due to the GaP beirf§® GaP layers creates a compensating strain on the dot re-
far away from the dot region at the time of nucleation, but ad'on: thus reducing the strain gradient for mFerdn‘fusmn.
reduction in the overall strain has helped to reduce the>@mple C shows a reduction of the energy shift caused by
change in sizes of the dots in the upper dot layers. Thighterdiffusion by 15%-20%. However, in sample D, the en-
sample also did not show any reduction in surface roughnes§r9y Shift increases compared to samples with slightly larger
indicating that there is no reduction in the formation of dis-Separation between the dot layer and the GaP layer. This is
located clusters. an indication that with a long anneal, there is phosphorous

The main reason for the increase in dot density in thiffusion int_o the dot region. Interestingly, in sample E, the
upper layer of the stack with GaP is the increased smoothstructure with GaP layer close to the top of the dd80 A
ness of the GaAs prior to the dot deposition. After each dofWay from the WL, 200 A below next dot layedoes not
layer, there is an increase in step bunching during the Gaakave a large red_uct|on in the interdiffusion. In this structur_e,
barrier growth due to the uneven growth caused by the dotd1e GaP layer will be around 50 A from the top of the dots in
underneath. This is also enhanced due to the low growtach layer. The sample with a GaP layer SOA?W""V from the
temperature. Step bunching will cause an increase in the supottom of the dots shows a large reduction in interdiffusion,
face energy and if dots are formed on this surface they willvhereas when the GaP is a similar distance away on the top
be smaller in the width* For the dot layer to have a large _of t_he dots, there is no red_uctlon in the |_nterd|ffu5|on. This
density of coherent dots, the surface prior to formation of thdndicates that the strain during the formation process has the
dots must be as smooth as possible. Additional uncapped afgost influence on the stability of the dots.
capped three-layer stacked samples were grown with growth
interrupts and increased arsine flow in the barrier to help}/" CONCLUSION
smooth out the barrier layer. Samples, one without GaP lay- Single layers of InGaAs dots grown directly on GaP
ers and one with GaP layers 50 A below the dot layer, weretrain compensation layers are smaller both in width and
grown. The AFM pictures of the uppermost layer in the height. The interdiffusion between the InGaAs dot material
three-layer stack is shown in Fig. 5 compared to the previouand the GaP buffer leads to the formation of InGaAsP dots
sample without any GaP. The density of the dots is muchhat are less strained inside the GaAs matrix. The PL peak of
higher in the samples with smoothed barrier layers it is sithese dots is blueshifted from the PL peak of the InGaAs dots
miliar to that of a single layer. The density in the sample withgrown on GaAs. GaP layers inserted below the dot region
GaP is even slightly higher again. The PL shows the sameeduce the height of the dots slightly but do not affect the
trend of increased intensity and blueshift as seen before, irdensity of the dots. The luminescence from this sample is
dicating that these effects are related to the strain reductiovery similar to that of a structure without GaP.
rather than any size change due to rough surfaces. The PL Stacked dot structures with GaP layers inserted into the
linewidths of both samples are narrower, indicating that thebarriers have much narrower and more intense luminescence
size distribution caused by the different nucleation in thepeaks. It is found that the density of dots in the top layer of
upper layers has been reduced. These samples also show the stack is increased as the GaP layer is deposited closer to

ame thermal stability as is shown by the other samples that
(;re discussed in Sec. V.
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