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1. Introduction

Strained In Ga, ., As/GaAs layers have attracted considerable attention owing to the
apphlication to microelectronic and optoelectronic devices. Especially the 0.98 um InGaAs

GaAS/AlGaAs strained quantum well (OW) laser has attained a great interest due 1o s
suitability for pumping erbium’ " -doped fiber amplifiers in fiber communication systems
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‘ . atvai lavers was determined
The performance of devices incorporating - 1:"?:'”1‘::‘:33 l'—i;ﬂ‘ry For the crystal
by the crystalline perfection and interface quality of t f :llu:l\ “;,ﬁ for the onset of x[h,:
- alba : +rs the entica | |
growth of high perfection strained layers be taken into accoum

; - l-. 'l'i‘LF l‘,
-~ | and lattice relaxation processes have 10
lhr“mlmnﬁ““dl g{ll'ﬁlh and lattice re gﬂ““" [l {0 hl Afler Up“l“l!l“g L'[_#*.Idl

as well as defect development after effects of In sefr® . have nvestigated the influence
growth parameters with regard to defect-free layers [9], we m"»l ).,;.: InGa, _As/( l;L
of the ciﬁpamtmu temperature, the gnmlh mlclml?’“‘m time al the Up; Je ‘“ ”; i = ey
interface, and the V/ I ratio on the interface quahity using ”““wmlm.“.‘”j}[?iiL ?;l; m“-i-l-t:m.?wr]}
(TEM). We apphied different TEM techmques, cﬂwil;dﬁi ;11*:::11“;4] ifi Ca:rxihiliiiji!;:jj; .::?
high-resolution transmission electron microscop) (R 1 EM) al. [15] and a new fi’?:'ffiudi

: .- . / ’ e t L.i‘
the well-known “chemical mapping” developed by ”““".m‘ hness and composi
J N T Te o y Ch . MONILEID) V.
of characterizing the tetragonal strain [16] to show the interface rougnt | ;h s g nal
_ - | > [ g g - l. «,}E: Y'aT
vanations in the strained layer. It is very difficult to distinguish between e phological

" » interfaces. i t 1s generally impossible
roughaess and the compositional gradient at the interfaces, and 1t 1s g . | ible
i both are of the same extention.

Furthermore, it is well-known that for the de

of indium under molecular beam epitaxy (MBE) conditions 18 :
investigated intensely as a function of deposition parameters 17 to 21

p[)5i1m|1 of 111/'V material the seg: 10N

a strong problem, w! Nas
]. On the oth nd.

the indium segregation under metal-organic vapor phase epitaxy (MOV PL) cond: nas
rarely been analysed [22, 23]. In our investigations, both laser structures and test ires
are mcorporated.
2. Experimental Procedure

The MOVPE growth was performed in a horizontal reactor at a total pressur: nPa.
Starting materials were pure arsenic, trimethyl aluminium, gallium, and indiun thyl
zinc was used for p-type doping, diselane diluted in hydrogen for n-type doping arate
confinement heterostructure (SCH) lasers were prepared on (100) n-type GaAs sut :

The structure of the sample of type A is shown in Fig. 1, consisting of In_Ga QW
(Xpom = 0.24) sandwiched between GaAs spacer layers and Al,Ga, _ ,As confin it and
cladding layers. Samples of type B possesse a double QW (DQW), 15 nm thick G spacer
layers, graded Al ,,Ga, ;,6As (500 nm thick)/Al, ,o/Ga, -;As (1000 nm thick). 7! critical
thickness for lattice relaxation processes is much higher than the thickness of all ( )V layers

in this investigation. The doping concentrations were 1 x 1017 cm =3 for confinement lavers
and 1 x 10'® cm "’ for cladding layers [24, 25] '
For TEM investigations most of the samples were prepared as {110) and <100 cross
sections. After the mechanical preparation focused ion beam thinning was used to prepare
TEM transparent regions of }he whole layer structure. In this way, 1t was possible to
mm the precise layer thickness. The In content of each sample was determined by
. Mltmtmnce (PL). .!EOL 2090 FX :':md 4000 FX microscopes (both instruments with
- EDX systems) were applied for diffraction contrast, lattice fri )Y HRTENM
I o for (100> HRTEM i : 5, ICC Iringe and (110> HRTEM
imaging, whereas for (100 M imaging a Philips CM 30/ST and the JEOI 4000 EX
?‘ at 300 and 400 kV, respectively, were used.
Fhe tetragonal strain was detected and quantified b | TF
ng the strain mapping method. Thi ) fnalysing HRTEM lattice images
pping This could be achieved by determining intensity maxima

m dots of the lattice images The ev :
Rbace s . | : aluation of the di tances between the
intensity maxima reveals the amount of tetragonal distortions s L
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p - cladding layer 1000 nm
confinement layer 500 nm
n - confinement layer 500 nm

n - cladding layer 1000 nm

n - GaAs substrate

Fig. 1. a) Scheme of the separate conlinemet
active zone, and c) [200] lattice fringe image ol |

the specimen. The net grid of the image umt cell

maxima by the strain mapping method. The difies

produce image unit cells of different size between cacl

local image structure. The size of the image unit cell det

can be decreased down to near-atomic values (see

tetragonal strains is determined by the amount of noise mn |

number of intensity maxima within the unit cell and therefore o [ the

The method is described in detail in [16]. Here the strain mapping has been smo

o Obtain a better qualitative analysis lowering the spatial resolution. The most importa

problem of the strain mapping method consists in finding a sufficiently clear relation between

tetragonal strains measured from the images and the strains existing in the object. This will

be discussed by comparing strain curves measured by a very similar method but using the

atomic coordinates of structure models for the image simulations (see Fig. 7 and 8) The

Maﬂedanalyms of the strains known from a model and compared with those measured in the
nulated images will be given elsewhere.

The strain mapping method can be combined with chemical lattice imaging (detaled

_'_'_;- dption in [15]). Imaging conditions suitable for chemical lattice imaging have to be

r Im yield a linear relation between the in-plane angle and the dilferences i the

I composition. After the templates are selected the vector pattern recogmiion

g the in-plane angle, which is the measurement of the relative vanation of the

dﬁﬁﬁ image unit cell, The values of the in-plane angles range between the values

-'L.'r.-.--

P of the two templates
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3. Results and Discussion

‘ ‘Nar: ’“/Lii' D IEM (the | .

In Table 1. the structural qualty of the QW% el “_LIL. Jated }wﬂh the gr -

i fied by cathodoluminescence (CL)) 18 corrciaic e S PV Daras
density was verilicc Dy CaIROAOLETEAE= ture (T.....), the differential rea Dressun
sters. We have varied the growth temperd prowss , ser Ind oo o
¢ | . rruption between the upper In( OW 2
(V/IIl ratio). and the time of growth interruptl ¢ i P d
- . - . 3 ‘ha offae [ Ir[}wrlh lf]l{jfltip““” weicC NCASUrcdad ."j* fjf

the GaAs spacer laver. The eflects ol g A ] Taa |
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and CL. in which the 10 K spectrum shows a very broad pet Ithoy

srowth interruption. The results suggest Optimuim growth for a growth 1
10 to 20 s [24].

Table |
Variation of growth parameters and results of TEM investigations
sample sample growth parameters TEM
Nf. NI'. e e D R R R -
Or 'ﬁﬂ.mpiﬂ :’;runlh Vv l]l II|| ~interrupl dUW rdl:ff..‘LI 'LIUd]l[_*n.
growth  structure (°C) ratio (s) (nm) (cm?)
upper
QW IF
TI 2773 TestPL 750 150 10 > ~ 10’ >4
T2 2903 Test?) 700 150 10 51 o > 4
B e lasec”) 750 150 10 5.6—7.0 <102 R
A2 020055 c. laser 250 150 10 6.5—79 a10*) 2
A3 020056 c. laser 750 50 10 €0 5 10*"; 5 .[“
A4 020097 c. laser 750 50 5 3.6 —6.7 < 1031 g
AS 020099 c. laser 750 150 20 > 7= ”J 3
Ab 020117 c. laser 750 150 o Pl < 10 ) 1
10 5.1-6.0 e B W
A7 020118 . laser 650 150 10 P 7*3 i
13 9312 TestAES1®) 750 1 ' - b= "
B 020200 DQW?Y) 750 lgg 1 / > 10
10 6.7—84 ) §—1
T4 0202 ¢ 8.6 - )
24 TestTEMI1%) 750 2515/ 5 MO0 69 zg i :1, |
l . ) 3 e ) ) - 4
15 020225  TestTEM2¢) 650 23?-}2?0 5/20/40 |
B 150/3 Re-05 - PR
O of the first MOCVD taet are .
test struc e
One of the best complete laser b

SCr Structures
Special test Structures to measyre the efore

Double quantum stry
Cture for P ; it
2 Test tructure to check the inﬂucll:u:l; :‘;ﬁttganum
med by cathndnlurnineaccnce BrOWth parame

. the equipme .
In distribygion, ﬂy Kllr}:m T nemted
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Fig. 3. HRTEM images of the AES test structure T3 in different cross section orientations sho
a) the smeared upper interface of the QW, b) superimposed diffraction contrast around disturbed regio
caused by strains, and c) the {100) phase contrast ol disturbed regions
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At the oeginning ol oul Investigations of MOVYPE laser struc
Jt‘.'i’hii} ol structural detects (see }?}.‘f .0 O § il;[l'[laLiLH threading d
strained and disturbed regions in the In Ga, _ As-QW (x ~ 0.3
An obvious reduction of defects was achieved by shightly reducing
was now 24%. In order to provide the same emission wavelength as
with not reduced In content thicker QW layers were grown. Undei
{temperature, total pressure) otherwise not modified these lavers showe
density (especially dislocation density). A “smearing out” of the upper QW
mantiested itself. By the superposition of the phase contrast with the
the images of sample T3 in Fig. 3a, b clearly indicate the difference in th
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corresponding DF 1mages. Fig. 3b and ¢

how the distorted regions in {110) and 100> projection. EDX analysis revealed an In

mﬂﬁmﬁaﬂm locally increased on these spots.
The asymmetric AES depth profile of sample T3 (Fig. 4), shows a slight decrease of the

In concentration to the surface of the GaAs surface layer. The In was segregated at the
QW interfaces and incorporated by almost the entire 30 nm GaAs layer. At the surface it
had finally segregated. The In concentration at the centre of the QW was determined tO

be Xx = 0.18 + 0.01.
A similar behaviour was also oberserved of the double QW structures (sample type B)

by TEM (Fig. 5). The surface-oriented interface, marked by “B". of the thicker QW 1n
Fig. 5b exhibits also a marked smearing in the cross-sectional profile of about 100 nm. This
cross-sectional profile was averaged over several thousand measuring poin

In order to recognize possible sources of degradation of laser diodes different

upper and the lower QW interface, similarly to
show

LS.

} structures were investigated. Two structures with seven In, :Gag g2 A8 QW
grown under different growth conditions for investigals
HRTEM. Due to their Al, ;Gag -As interlayers, 1t was p
in a very good layer contrast. Fig. 6a shows the layer,
of 150, for a growth interruption of 10s on the uppe
650 °C. This layer represents one of the layers having | T
A more detailed characterization of the interf.ice rovgh
and strain mapping showed a sharp interface (tra
independently of the image nnit cell employed (sec | )
of 650 °C, there was a marked vertical diz 0 t O b
especially for strain mapping. This disto:
of the In content at the interfaces of the '\ ’
R inhomogeneous In distribution.
the basis of the expected far lcss pro |
~ layers and the InGaAs QW respectice SIMU.11i0Ns S
distributions on the HRTEM contrast. - morc
qualty of completc laser structures witihoul Al
f is purpose, both a model of the active region ciul
rious imaging conditions was simulated (see Fig. 7 and 8) as well as a vanely =
th the help of the CERIUS
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erently graded (gradual) interface transition regions
sram age, supercell models, consisting of different laycrs of InGaAs/AlGaAs/GaAs
» generated by the stoichiometric replacement of Ga by In and Al atoms, respectively,
| *f}u relaxation of the structure using molecular dynamics (MD). The
on and relaxation of the structures as well as the HRTEM image simulations on
s of such relaxed structures are described in [26]. Fig.7d shows oné of the
ser structure used for the HRTEM image simulations (Fig. 8a, b) and the
—eh ent  (Fig. 8c). Fig.3a, b demonstrate a defocus series (4 in nm) for
3.5nm of an unrelaxed (Fig. 8a) structure and a relaxed on¢ (Fig. 8b).
t (Fig. 8c) demonstrates the dependence of the strains on the loca-
‘he lattice distance variations differ with the position of the net

T _"

nodel: the lat!
~eous In distribution of the QW profile s clearly displayed in the {1005
I . (Fig. 7b) and strain mapping (Fig. 7¢).

ment at the lower very smooth
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GaAs

AL2S5Ga 75As

relaxed

ALSGa. SAs

. e
Ax/x
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image simulations for an AlGaAs/GaAs/InGaAs QW structure: a) unrelaxed and b}

' ' > = ; r : 1 - = P " 1
EBY molecular dynamics for different defoci (4 in nm, U = 400 kV.C.= 1mm, o= 1.6 nm ™ *,

B %, = 0.5 mrad.t = 13.5 nm) as well as c) strains measured across the QW at the centre of the

il Bear the exit face (ii), and a side face (iii)
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Fig. 9. Averaged chemical mapping and strain mapping profiles ol Fig

QW interface and by an In accumulation smeared over four monolaye
interface. The averaged profiles of the active zone of the laser structurc

shown in Fig. 9

4. Conclusions

MOVPE InGaAs QW structures grown at 750 °C differ from those gr
significantly lower temperatures. They tend to precipitate In and to form
lower In concentrations than samples grown by MBE. This tendency see;
the generally higher growth temperatures. At temperatures of 650 °(
precipitation. Based on the good agreement of TEM and AES investigations
to prove an inhomogeneous smearing over several nm out of the upper interf:
of an In content close to the In precipitation limit. If the In content is furt]
a growth temperature of 750 “C the upper interface transition area is reduce
ten monolayers to three or four monolayers. With about 2 ML the lowe:
turns out to be sharp and absolutely smooth over large areas. Reducing
temperature to 650 °C (under standard conditions) finally resulted in transit
1 to 2 ML of the upper interface.

All samples, even those grown at lower growth temperatures, had an In co

ofile i ( hich clearly pointe . A :
profile in the QW which clearly pointed out an In ségregation at the QW interfaces
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