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mismatch, Gagglng,As/GaAs grown on GaAs [001] by molecular beam epitaxy, has been
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The SL is squeezed

between the substrate and a thick GaAs top layer. The thickness of individual GalnAs layers ¢,
(active layer) is the same in both samples, while the GaAs barrier thickness ¢, is different. We
have studied the influence of the thickness ratio #,/z, on the state of relaxation for different

distances from the sample surface. We find that

for thick barriers the whole SL remains

coherently strained and for the thinner barrier thickness the SL is partially relaxed against the
the GaAs top layer. The GID technique was applied for the first time to obtain depth resolution
of the lateral lattice parameter in a SL. It is demonstrated to be especially well suited for SL
systems with a small difference of the average electron density between the sublayers The
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scans”) from the “weak” (200) Bragg reflection. Comparing computer simulations with the
meagured variation of the scattering contrast hetween GaAs and GalnAs layers ohtained from
different “information depths” and at different angular positions of the in-plane rocking curves,
the state of relaxation can quantitatively be evaluated. On the basis of these results we propose
two models for the partial relaxation of the SL into the state of strain-reduced domains. We
believe that the partial relaxation is due to the elastic field interaction between the GalnAs layers

accross the GaAs barriers, if £, is small.

I. INTRODUCTION

Strained layer superlattices (SLs) such as
Ga, _,In,As/GaAs are characterized by a large lattice pa-
rameter difference between both sublayers. Lateral lattice
matching is only possible up to a critical thickness 7. be-

yunu which misfit dislocations are created at the interfaces.
The understanding of the coherent growth and the evalu-

ation of the mechaniem of relaxation are very 1mhnrtnnt

for electronic applications. Most of such lnvestlgatlons
have been performed using photoluminescence (PL) tech-
niques because a small number of misfit dislocations re-
duces the PL intensity dramatically. Unfortunately the
“information depth” of the PL signal is restricted to some
nanometers, which makes it impossible to investigate the
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tigated using conventional x-ray diffraction (XRD), where
the lattice mismatch bhetween the QT

growth direction A, /a is measured."? Only averaged pa-
rameters can be obtained since the penetration depth of the
probing x-ray beam is usually much larger than the total
thickness of the SL, #,,;. The lateral lattice mismatch
Aa /a cannot be measured directly. In this paper we show
that the techmque of grazmg-mmdence x-ray diffraction®
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match as a function of the distance below the sample sur-
face. The “information depth” #,; is controlled by the an-
gles of incidence a; and exit a, of the x-ray beam with
respect to the sample surface both being close to the critical
angle for total external reflection, «,. The density profile in
the growth direction of the SL is probed measuring the
intensity distribution along a ;s (“rod scan”) for different o;
at any lateral Bragg angle ®;. This technique was success-
fully characterize lattice-matched
superlattices.>* For partially relaxed SLs one may expect a
splitting of the in-plane Bragg peaks which can be probed
as a function of depth.

annlied to
applied to

ll. EXPERIMENTAL DETAILS

XX7. 1. ol oo dn X an e
We have investigated itwo different (Ga;_,InAs/

GaAs), SLs, grown on a GaAs [001] substrate by molec-
ular beam epitaxy (MBE). Their layer sequence is sche-
matically shown in Fig. 1. The samples have almost the
same Z,,;, In content, and ¢, but different barrier widths z,.
According to the sample fabrication, both samples are cov-
ered by about 300 nm GaAs. The nominal structure pa-
rameters of both SLs are given in Table I.

In order to characterize the 'm-plane lattice parameter
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FIG. 1. Schematic view of the layer sequence of the samples used.

GID measurements were performed at the X16A beam
line of the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory. The instrument is de-
scribed elsewhere.” We used a wavelength of 1=0.1749
nm. The ¢; resolution of the incoming x-ray beam and the
a, resolution (position-sensitive detector) were about

° 3 A 3 1. M L =] 27 Th
0.01°. The GID geometry used is shown in Fig. 2. The

incoming beam hits the sample surface under the incident
angle a;. The intensity, Iy, reflected at ® , from the lattice
planes perpendicular to the surface is measured by a
position-sensitive detector (PSD) which resolves the inten-
sity as a function of the exit angle @, (a, or rod scan).
Comparing rocking curve measurements at different ; and
ay seitings, depth-resolved lattice parameters can be ob-
tained.

Iil. RESULTS

reflections were measured in GID geometry. The peak

TABLE 1. Structure parameters of the two samples used. An asterisk
indicates values which are obtained from XRD measurements. The GID
results which are separated by | correspond to the proposed model 1 and
2, respectively.

Nominal GID

Parameter Sample 1 Sample 2 Sample | Sample 2
t, (nm) 40 3 42.0£0.5 2.9+0.3
t, (nm) 13 13 12.5+0.5 12.1+0.2
gy (nm) 53 16 54.5+1.0 15.04:0.5
fiop (nm) 200 300 300 £100/280+50
n 20 60 20* 60%
In content (%) 24 24 17£2 21%
Aay /a (107%) 0x5 0-635[63
betax (M) 0 150£30|0:50
2382 J. Appl. Phys., Vol. 74, No. 4, 15 August 1993

FIG. 2. Scattering geometry for diffraction under grazing incidence and
exit angles.

shape of the (400) for sample 1 is Gaussian with a width
corresponding to the instrumental resolution (A® =~0.02°).
The (400) peak width of sample 2 is about 8 times broader
{Fig. 3(a)] and shows a very weak shouider at its iow angie
side (position 3). It indicates the existence of a small vol-
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FIG. 3. (a) In-plane (400) rocking curve and (b) aresolved rod scan
measured from sample 2 at position 1 for a;=0.8"~2.8¢,.
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FIG. 4. In-plane (200) rocking curve of sample 2 (circles). The squares
and triangles indicate curves which are recorded for the sirained and the
relaxed component of SL separately.

ume fraction with a distribution of lattice parameters
within the information depth. The a/ scans at positions 1
and 2 exhibit the typical shape of a surface peak with a
maximum for a s=q, [see Fig. 3(b), for examplie]. They do
not show any modulation for a ;> a,, which would dem-

AF +ha QT +hn mevmees +1.
onstrate the layered sequence of the SL in the growth di-

rection. This can be explained by the very small difference
in the scattering power between the sublayers (see later).

In contrast, the features are quite different for the weak
reflection (200). Sample 1 still shows only one symmetri-
cal peak, again with the width determined by the instru-
mental resolution (A®~0.02°). For sample 2 the RC of
the (200) at a;=0.7"=~2.5a, is shown in Fig. 4. The Bragg
intensity integrated over a, (filled circles) js given as a

+ e 4+l S P
function of A®. The RC is asymmetric around the angular

position of the unstrained GaAs (200) reﬁectlon (A®
=0"). The width has increased by about 10 times the in-
strumental resolution. The origin of the asymmetry given
by the sum of two other curves in Fig. 4 (squares and
triangles) becomes clear by first investigating the
asresolved Bragg intensity distribution shown in Fig. 5.
These distributions measured at «;=0.7° are given at four
in-plane ®; positions indicated by the number i and arrows

11 ]ﬂ\e avnlaina, n datail.
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At position 4, only the surface peak is visible. At position
1 the surface peak has almost vanished and only SL peaks
remain. Thus the “surface peak” at ay=c, and the SL
peaks at a s> a, have their maxima at different ® positions.
The ® dependence of the surface peak is given by squares
in F1g 4 while the correspondmg distribution of the SL
peaks is marked by triangles. Figure 4 clearly demonstirates
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FIG. 5. a s rod scans measured at the (200) rocking curve of sample 2 at
the four @, positions marked in Fig. 4.

that the total Bragg intensity originates from the sample
with a depth-dependent distribution of lattice parameters.
This distribution is quantitatively obtained from a detailed
investigation of the intensities in Fig. 5 (see discussion and
Fig. 6). Qualitatively Fig. 5 can be interpreted as follows:
®, marks the Bragg position of the unstrained GaAs top
layer. At ®; only the relaxed part of the structure fulfills
the Bragg condition. Since the surface peak measures pri-
marily the GaAs overlayer and the SL peaks give informa-
tion on the strained SL regions, the corresponding RCs can
be evaluated separately. The peak splitting A® in Fig. 4
(squares and triangles) is interpreted in terms of the in-
planc lattice mismatch Aay /a= —A® tan © 5. Iu order io
investigate this mismatch as a function of the depth from
the sample surface, measurements like those in Figs. 4 and
5 have been performed for different angles of incidence a;.
The results are shown in Fig. 6 where the mismatch Aay /a
measured with respect to the GaAs top layer is given as a
function of ; on the lower horizontal scale. More impor-
tant is the upper scale where the corresponding informa-
tion depth t.r is noted, as calculated from Eq (6) below.
L\I\Au th: ouffabc \u., \lLC[ Uu..ly |,uc Udﬂb LUP 1u_yc1 lb meca-
sured, therefore Aq) /a is approximately zero. The lattice
parameter increases with the penetration depth of the
probing x ray to a mismatch value of
Aqy /a=+(6.3%+0.5) X 10~ measured in a depth of
about 300 nm. This mismatch amounts to about 40% of
the expected value for GalnAs after a complete relaxation

max

into the cubic state (Aa“ *“*/a = 0.0153). The evaluated
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FIG. 6. Variation of the u\..nlun- lattice mismatch Aaq; /a as a function of
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a; (e.g., information depth, tinf) evaluated from the peak splitting between
the stramed (squa.res) and relaxed (tnangles) SL component as shown i m

Fig- 4‘. ‘tOp uuu ‘I‘Elﬂx oL ICBPUHU LU I.llc nu.cu valucb UL 1uuucn 1 allu L(Qp
to model 2.

parameters shown in Table I were obtained via simulation

A tha waanlua Denaas ittanmait Anareradd wraad

A
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a;’

IV. INTERPRETATION

For the preseni case of a weak refiection and imperfect
(relaxed) SL the kinematical scattering theory can be ap-
plied to explain the GID curves.%’

total scattering intensity is given by®®

Tn H-nc ont\rnunh tha
n s appreacn ine

I{ay) =exp(—a’kog) [T (a)S(@) T (ay)1? (1)
which contains Fresnel’s transmission functions T with
respect to a; and oy and an overall damping function with
the parameter o for surface and interface roughnesses. In
the present case T (a; s) are calculated taking into account
an average density of the SL. The periodicity in growth
!|fnr|p Q( a)

direction is ex itude
€Xx \/»

GAIOOLIVAL IS

sto)= [ ds Xp@expig), 2)

which depends on the scattering vector

q= |k g~ ks =Kko( \ai +(Xo) + e+ (Xo)) (3)
with ky=2m/A. X, and X stand for the dieleciric sus-
ceptibility at ¢g=0 and reciprocal-lattice vector H. {(X,)

ic avaraca over tha wholae ST, Thig ig iugtified hy the gmall
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difference in X, between the sublayers The shape of the
intensity distribution versus o ¥ is determined mainly by T'
resulting in a peak at a,=a, (“surface peak”). 19 Ror
higher o r SL peaks appear for ay=q,. In case of a s> 2a,
the angular separation Aag is a measure for fgp,

Aas—'-—'—ﬂ./ts]'_,. (4)

We find £ =54.3£0.3 and 15.0+0.4 nm for samples 1
and 2, respectively. The intensity of the SI. peaks is con-
2384  J. Appl. Phys., Vol. 74, No. 4, 15 August 1993

TABLE II. Real and imaginary parts of scattering coefficients X 5 used
for simulating the GID a scans, given in units of 10~¢,

GaAs Gagglng,As
Re(Xj) 37.8 38.8
Im(X,) 1.4 2.1
Re(X400) 21.8 22.0
Im (X00) 1.30 1.78
Re(Xy00) 1.01 1.06
Tm(X,00) 0.15 0.90

trolled by S(q). The scattering contrast depends on the
difference in the electron density X, and in the scattering
power Xy between the two sublayers. X and X, differ by
approximately 1% only between GaAs and Gagglng,As
(Table II). This explains the missing SL peaks in Fig, 3.
Only the “weak” (200) reflection allows an enhancement
of the scattering conirast, because X,qy depends on the
difference in the electron density between both fcc sublat-
I!lx.A.S, !.x..’zool
vanishes at x~0.1 and is about 30% larger than that for
GaAs at x=0.21. The varying contrast in the (200)
asresolved scans at the different ®; positions of sample 2
(Fig. 5) is due to the different ® dependence of the scat-
tering powers of the GaAs top layer and the relaxed SL. At
®, the RC is dominated by the scattering power of the top
layer and the eventually unrelaxed part of ihe SI, whereas
the relaxed part of the structure contributes only with
about 15%-20% of the maximum value of the total inten-

sity. Their contribution is further reduced by the absorp-
tion in the top layer. On the other hand, the relaxed part
scatters predominantly at ®, (triangles in Fig. 4), whereas
the scattering power of the top layer is reduced due to the
different angular position of the GaAs in-plane RC
(squares in Fig. 4).

tices of the zinc-blende structure, For Ga;

V. MODEL CALCULATIONS

Two models of relaxation are proposed in order to

intammvat Avie racnlia
LI PICE Gul ILouis.

Model 1: If only the GalnAs layers relax against the
lattice parameter of the GaAs top layer and the GaAs
barriers, the evaluated variation of Ag; /a with depth (Fig.
6) at any fixed ®; may be apprommated by the scattering
power X,00(2):

(X200(®@)*(c/2){tanh [ (1—tiggox) /tio] + 1}
for Gagglng,As
| X2 (@) = XIB (@) =const for GaAs.
(5)
The strain profile of the GalnAs layers is simulated by a
simple numerical function depending on two parameters:
the depth for which the relaxation reaches its half maxi-
mum f..,, and a parameter ¢ describing the slope at £ ., .
At any ©; the changing a s contrast measured for different
a; is related to different information depths,'®

tisr=kolIm( yj + (Xo)) +Im( yai+ (Xo))1~'  (6)

2384
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FIG. 7. Comparison between measured and simulated « ~resolved curves
at three different o, positions for sample 2 and at the @ position 1 of
Fig. 4.

and can be simulated by two relevant parameters, #,, and
X200(®). Their values are modified by x(In) and 7,,,.
The results of the fitting procedure for the & scans at
different ¢; in the ®, position of Figs. 4 and 5 is shown in
Fig. 7. The SL peak positions and the changing contrast
are correctly described by our model calculation. In order
to reduce the number of parameters the in conient of the
active layer was taken from the lattice mismatch between

the sublayers as

diffraction.!! It corresponds to x(In) =0.19+0.01 and
0.210.01 for samples 1 and 2, respectively. The o, dis-
tribution of the intensity turns out to be very sensitive to
tiop and Z .y, Which are interdependent, however. Best fit-
ting results are obtained for #,,<100 nm and #,,~150
nm. Thus we conclude that the SL remains strained up to

about 10 SL periods beiow the GaAs top layer. However,
the fitted #,,, is quite different from its nominal value of 300

"nm
ARARAY

Model 2: In this model the in-plane lattice parameter
of the GaAs barriers are assumed to coincide with that of
the sandwiched and partially relaxed GalnAs layers while
the GaAs top layer retains its intrinsic lattice parameter.
The scattering power of the investigated part of the SL is
nearly independent of depth. The scattering contrast as a
function of ® is only due io the lattice parameter difference
between the top layer and the SL. Using x(In)=0.21 we
obtain ¢ ~’7Rﬂ+ﬁﬂ nm and 7 ~0=50 nm from corre-

SIULRRR Spop mw SOV == JU 22228 KA "relax~-'* 1 23 COIL

meacured I'“r
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sponding simulations. In this model the relaxed region of
the SL begins directly below the GaAs top layer accompa-
nied by a region of large lattice distortion in the GaAs top
layer near the interface to the relaxed SL. The correspond-
ing fits of the & s scans for model 2 are the same as those for
model 2 as given in Fig. 7. Unfortunately the interface
region cannot be resolved better because the thickness of
the top layer is close to the maximum information depth.
Thus the o simulation for models 1 and 2 give the same
results. From our GID measurenients alone it seems im-
possible to distinguish between one of the two models.
Model 2 results in a better agreement with the nominal
value for ¢, and the peak shape of the (400) RC of sample
2 can be explained more easily by model 2. Caused by the
nearly identical scattering power of the top layer and the
relaxed SL and the large distance of the SL below the

suiface, the contribution of the relaxed region to the RC at
(400) is much smaller than that for the (200) reflection.
Thus the (400) RC depends primarily on the GaAs top
layer, and its large peak width is due to the high defect
density caused by the incoherent growth on the relaxed
support.

On the other hand, the large widths of the (200) RC as
well as the width of the a ~resolved SL peaks for sample 2
(Figs. 4 and 7) are primarily a measure for the real struc-
ture within the SL. Using plane-wave topo*ra‘puy a high
density of misfit dislocations was obtained.! They induce
narhal rn1a\mhnn rpenlhng in mmrnnr‘vefn]hnp Anmnine
whlch can be macroscoplcally measured by an orienta-
tional distribution of diffracting lattice planes and a lateral
fluctuation of their thicknesses zg; within the SL. Assum-
ing that the widths A®;, and Aa  are primarily caused by
the size fjyera and fyemicar Of these domalns, we obtain a
rough estimate using the Scherrer equation'?

taterat =< A/ (A®y, cos Oyy), tverticalzi/(Aaf CcOs af)-

(7

From the half width of the measured SL peaks Ac y~0.15°
we find #,uetica1 =~ 63 7= 10 nm. This corresponds to a domain
height of about #~4 or 5 SL cells. In order to approximate
the lateral size we use the measured width of the (200) RC
(squares in Fig: 4) reduced by the experimental resolution.
We find tlatera1~70=*= 10 nm in close agreement to tvcmcal

J.I.lC UUldlllCU UUIIldlll BILC cvaluawu lll LlI.C g].UWUJ. uucp-

tion from the GID is compatible to those obtained from
the width of the SL peaks measured by conventional x-ray
diffraction.!! From the corresponding curves for sample 1
(not shown here) we find # ricar > 150 nm and fyy04 > 500
nm as an upper limit for a possible domain size as obtained
from the fact that the peak width is given by the instru-
mental resolution.
Vi. DISCUSSION
Our results can be interpreted by the following model
of lattice relaxation. The thickness of an individual
Gagglng,As layer within the SL is much smaller than #,, of
a single Gaggl gulo ,As layer on GaAs, which amounts to
about 19 nm.*!* During growth and cooling, the GalnAs
1averc become more and more strained. Their strain fields

Pietsch et al. 2385
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interact across the GaAs barriers, if ¢, is small. Thus the
GalnAs layers are no longer isolated. In this case the crit-
ical thickness for relaxation of the SL includes some SL
periods, £-=n.t,. This condition is obviously given for
sample 2 but not for sample 1. £-~1,, holds in the case of
strain isclated layers like sample 1. In sample 2 the relax-
ation process may begin in the middle of the SL. If £ is
reached, misfit dislocations are induced primarily at each
n.th interface. Thus relaxation takes place in domains sep-
arated from each other by misfit dislocations. The degree of
relaxation may be different from one domain to the other,
which results in a distribution of the in-plane lattice pa-
rameter.

n.. can roughly be estimated by the following strain

madal. T at T/ ha tha gtrain anarauv af o ginola gtrain 1an
HIVINL, AANL 7 Lo~ lzll\u Dblalll \.a.ll\.—l.é] L a. Blllsl\« OLI alll. .I.DU"

lated GaInAs Iayer grown on a thick unstrained GaAs
substrate. Assuming that the domains have the shape of
columns with dimension a? (a? is the basal plane and ¢ the
length perpendicular to the growth direction), then
V=V, defines the strain energy at t=1{,,

V=t a’Ke>. (8)

K stands for the elastic constant, which depends on the
strain uucuuuu, and € is the maximum strain of the 1ayer s
which amounts to €pa=Aa™/a=0.0153 in the case of a
lattice-matched strained GaggIng,As on GaAs[001]. As-
suming the same strain energy can be deposited within
relaxed SI. domains containing GalnAs and GaAs layers
with the same lateral lattice parameter g , we can deter-

mine 7, from
VE:“ / azK = Vcr/ azK = ncr(thZGaAs + taezGaInAs ) ’ (9 )

using K=~Kgaas=~Kgamas and assuming linear superposi-
tion of strain in the two sublayers. The right—hand side
contains the strain of the GaAs xayers measured with re-
spect to the unstrained substrate €g,ss= (Aaj?"/a) and the
released strain of the GalnAs layers €g.1.a:=€max
—(Adf*™®/a). Using the respective values for sample 2
(Table I) we find n..=4.2, resulting in n, (¢, ;) =63 nm.
This is in agreement with the experimental results. For
sample 1 and using Aaj*"/a < 10~* we find 7.~ 1.4, which
documents the situation of strain isolation of the GalnAs
layers. In this case the critical thickness 7, of a single layer

i mamemmawienantaler amival

is ayt.uuAuuau.L.y' Cquan to fg‘- .

The relaxation process of the SL ends near the thlck
top layer and the substrate, respectively, for models 1 and
2. The interfaces may undergo a grading of relaxation
within the SL (model 1) or a constant relaxation over the
whole SL with a grading of the lattice parameter within the
GaAs in order to compensate the lattice mismatch to the
reiaxed suppori {(modei Z). This situation seems reasonabie
for the top layer of sample 2. In fact Krol et al'* have

found kv alastron microccony etudies macrocconically
ioung cleciron microscopy Swudies macroscopicaly

strained and unstrained regions which may indeed coexist
together. Model 2 is further supported by recently per-
formed measurements.!> For samples nearly identical to
those used in this work but without a top layer we found a
constant relaxation beginning from the surface up to the
maximum information depth of the x rays.

2386 J. Appl. Phys., Vol. 74, No. 4, 15 August 1993

Model 1 should describe the state of relaxation near
the interface between the SL and the substrate for which
the SL has to compensate the lattice mismatch with respect
to GaAs. Unfortunately, this interface could not be inves-
tigated since the total thickness of the SL plus top layer is

...... A dlha edin ke Aa AF Avre £ITTY A
way uu‘y OiG i iiornanion u\-l.n.u Ul VUL \Jais Unpbxlmsub

Vii. CONCLUSIONS

Our measurements show that sample 1 is macroscopi-
cally fully strained. Caused by the large barrier thickness ¢,
an elastic interaction across the barriers is not possible and
thus the GalnAs layers remain strained, isolated from each
other by the thick GaAs barrier layers. The measured half

widths of the SL, reflectic +ha vanaluvad CATITY ara
i ut.u.c Ul. v D IDIIUVIAUIJ.O -l.u bll\l u/‘LUDUlVbU N\2ALS Al

smaller than those for sample 2 but larger than those ex-
pected for a perfect crystal. This may indicate the presence
of misfit dislocations, which were in fact observed by
plane-wave topography'! but which do not lead to com-
plete relaxation.

Samples 1 and 2 may represent two different states of
relaxation, the initial and a progressed state, respectively.
Our results are in agreement with Hovinen, Salokatve, and

A r\ﬁaﬂlG and nrnv fn‘ n’ 17 wha have chaown by meane of
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PL measurements that macroscoplc relaxation appears for
ty/t,<1. Further experiments are necessary in order to
define the crossover thickness ratio #,/¢, which is necessary
for elastic isolation of strained layers.

From the experimental point of view we presented
GID measurements to characterize the state of relaxation
and the real structure of two SLs with lattice mismatch as
a function of depth. By means of the ®- and a,dependent

variatinn of the scatterine contract HnA denth helow the
varnauon Ol i SCAlling Conurasy, il depui oCiCW il

surface in which the relaxation occurs was evaluated. Al-
though the sensitivity of GID measurements is unique with
respect to Aa| /a and its depth resolution, complimentary
conventional x-ray diffraction (rocking curves) are desire-
able in order to reduce the number of fit parameters.
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