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Raman area maps measuring the strain in lattice-mismatched [1111 and [001] oriented 
InxGa 1 x As/GaAs superlattices (x = 0.1,0.17) arc presented and compared with 
independent x-ray rocking curve studies of the average strain in the same samples. We find that 
the LO phonon frequency, but not the TO frequency, is a valid measure ofstrain for [1111 
oriented superlattices exhibiting one-mode behavior. This is explained by the lack of 
compensation between the effects of alloying and strain for the TO mode in In, Gal ~ xAs. The 
capability to non destructively map small growth variations in superlattice and huffer layer 
constituents is demonstrated. 

Strained-layer superlattices (SLSLs) are receiving con
siderable attention due to their tailor able electronic and op
toelectronic properties. I An intriguing example of this is the 
occurrence of piezoelectric fields in [1111 oriented SLSLs. 
This effect, first predicted by Smith and Mailhiot2 and subse
quently supported by optical' .4 and infrared5 experiments, 
makes possible novel nonlinear optical and electro-optical 
applications. 

A recurrent problem for the characterization of mis
matched heterostructures is the accurate measurement of 
the internal strains. Of the various techniques available,6

, 

Raman scattering has the advantages of rapid, nondestruc
tive, and spatially local meaSl,rement of the elastic strains in 
different constituents. Consequently, Raman scattering is 
potentially useful for producing areal strain maps of macro
scopic films. 

Previous Raman studies of strain in mismatched heter
ostructures have concentrated on rOOl] oriented films 
and multilayers in nonmapping applications. 8 This letter 
presents Raman area maps showing subtle macroscopic 
variations of strain in [111] and similar [001] oriented 
IllxGa l ~ x As/GaAs SLSLs. Comparison to x-ray rocking 
curve (XRC) measurements on the same samples,9 reveals 
that for this materials system only LO-derived data accu
rately describe the internal strains. 

The elastic strains within the layers of a SLSL can be 
extracted from phonon frequency measurements by a theory 
originally developed to treat applied uniaxial stress.: o The 
expressions relating the in-plane strain Ep to the induced 
frequency changes of the one-phonon peaks allowed in back
scattering for [001] and [111 j growth axes are 

-KilO + nJEp, [OOljgrowth, (1) 

(fj,(j)) 1 [ - -
- =-:- (KII +2KI ,)(2-r) 

(1) (',g) 6 -

(-4)- ] + \, + 2 K H (1 -+- n Ep [1111 growth. 

(2) 

Here the K'i give the strain variation of the spring constants, 
and r relates the in-plane and normal strain components 
according to En = - rEp, 

(3) 

r = 2 (C Il + 2C u - 2C44 ) 

CII + 2C u + 4C44 ' 

rIll] growth, (4) 

where the Cij are elastic constants. Equations (1 )-( 4) are to 
be applied separately to each constituent of a SLSL. The Kij 
and Cij for Inx Ga, ~ xAs are obtained by scaling measured 
values linearly between x = 0 and x = 1.8 

The three In,Ga1_, As/Ga As SLSLs studied here were 
grown by molecular beam epitaxy and characterized by 
non-Raman methods as described elsewhere.4

,]J Their 
parameters were 20 periods of In, Gal x As/GaAs layers 
(70 ± 5)/( 140 ± 5) A thick, buffered to semi-insulating 
GaAs substrates; the buffer regions were designed for "free
standing" growth. The SLSL orientations and In concen
trations were for sample I: [001 J and x = 0.1 ± 0.02; for 
sample 2: [Ill] B and x = 0.1 ± 0.02; and for sample 3: 
rIll] B and x = 0.17 ± 0.02. Samples 1 and 2 were grown 
simultaneously. 

Raman backscattering was excited with <:20 m W of 
4825 A Kr+ laser radiation focused into a - lO-,um-diam 
spot, and was recorded by a scanning Raman microprobe 
under microcomputer control with a Si array detector. 
Phonon peak frequencies were located to ± 0.3 cm I accu
racy by fitting the Raman lines to Lorentzian profiles. No 
heating-induced phonon shifts could be observed in our 300 
K experiments for laser powers < 25 m W. The sample x-y 
position could be controlled to ± 0.5 pm in the laser focal 
plane. Spectra were recorded in three-point spatial clusters, 
with 30 !-im between points and ~ 1.0 mm between clusters. 
Higher density mapping, though no more complicated in 
principle, presents nontrivial memory requirements for stan
dard microcomputer-based systems (e.g., ~ 500 megabytes 
to map a 1 cm2 area with uniform lO,um resolution,) 

We find for ali the samples that the Raman spectra 
closely obey bulk-like backscattering selection rules. This is 
shown for the [Ill] growth case in Fig. 1. Scattering from 
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FIG. L Observed polarized Ram,m spectra for [III j oriented 
lno. \ GaO" As/GaAs SLSL showing bulk-like selection rules. Horizontal ar
rows show the predicted misfit -induced shifts from the unstraincd frequen
cies (vertical solid arrows) of each SL constituent; clashed arrows locate the 
resulting peak centroids, 

interface and higher order confined modes, which obeys dif
ferent selection rules, R does not contribute appreciably to 
our spectra. This is to be expected for the relatively thick
layer superlatticcs and nonresonan.t excitation ofthis study. 

Although the superlattices contain two distinct chemi
cal species, we observe only a single GaAs-like LO peak (for 
[001 j orientation) or a single GaAs-like LO-TO pair (for 
[Ill] orientation), each at frequencies (ww and ())TO) 

shifted from their bulk unstrained counterparts. The appear
ance of single peaks is not due to poor instrument resolution. 
It has been explained by likawa et al. for fOOl] grown sam
ples 12 as due to an exact compensation between the effects of 
strain and alloying in the In, Gal x As system. We point out 
that such a compensation will not necessarily extend to other 
growth directions because the influence of strain depends 
both on orientation and phonon mode type. Hence, it is im
portant to verify that this compensation applies to the [ 1 I I ] 
case at hand before a meaningful strain interpretation can 
proceed. 

To check this, we plot in Fig. 2 the OJ U } and (i)TO of bulk 
unstrained Inx Ga 1 xAs aHoys l3.14 versus the misfit strain 
of these alloys with respect to GaAs. The solid and dashed 

220l_,"L-.L_~_ ~' __ , 

024 
% MISf)T ( f) 

-~-"'.: 

" 
FIG. 2. Plot of the phonon frequencies in In,Ga, ,As bulk alloys vs misftt 
strain with respect to GaAs (bottom), and In concentration (top). 
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lines describe the phonon shifts predicted using Eqs. (1)
( 4) for strains appropriate to [001] and [1111 growth axes, 
respectively. The compensation between strain and alloying 
observed for [0011 orientation is reflected in the close corre
spondence between the solid line and the measured (0 W , 

Clearly, for [1111 grown SLSLs a similar situation holds for 
the LO phonons when 1<2%, i.e., x<.27%. However, the 
compensation is not complete for the TO pho~ons (triangles 
in Fig. 2) due to the positive sign preceding K44 in Eq. (2). 

Figure 3 shows our internal strain maps for samples 1 
and 2 (x = 0.1) derived from LO-Raman results. The data 
points are the measured spectral shifts from bulk unstrained 
positions rescaled to give percent in-plane strain Ep via Eqs. 
( 1 )- (4). The unstrained frequencies were taken for GaAs 
from our own measurements, and for InxGa 1 _ x As from a 
best fit (standard deviation ± 0.5 em -I) to previous data 
for ()';;;x<O.3. 13.14 An uncertainty in Ep of ± 0.05 arises from 
our ± 0.3 em -J peak location uncertainty. This is the main 
inaccuracy for mapping rdative spatial variations of strain. 
A scale shift of similar size can also arise from the particular 
choice of un strained frequencies, but this will not affect rela
tive mapping. We find that both the samples represented in 
Fig. 3 exhibit small but systematic variations over m~cro
scopic dimensions (along r 110] for sample 1 and 1112] for 
sample 2), but appear locally uniform on a 30 pm scale. 

The areal averages of the Raman measured in-plane 
strains for samples 1-3 obtained from the shift of both the 
LO and TO peaks are given in Table I along with the XRC 
results,'> and the strains expected for equivalent "free-stand
ing" SLs. The agreement between the LO-Raman and XRC 
strains is excellent for samples 1 and 3, and reasonable for 
sample 2 (being within experimental error for GaAs but 
somewhat outside for InGaAs). The latter discrepancy 
could easily arise from the XRC fitting procedure yielding 

FIG. 3. LO derived area map& ufthe in·plane strains Ep for samples 1 and 2 
obtained from measured peak-shift maps according to fp = \I (t:.(~)[O Isee 

Eqs. (1) and (2)]; 1I (sample 1) =0,190, 0.199 and H. (sample 
2) 0.248, 0.262 for their respective GaAs, InGaAs layers. Left aXIs ap
plies to GaAs and right axis to In" I Gao "As. Error nag shows relative 
(poim-lo-point) mapping uncertainty. Dashed lines give spatially averaged 
strains. 
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TABLE 1. Percent in-plane strain measured by Raman and XRC for sam
ples 1--3 and predicted for equivalent frcc-standing (FS) SLSLs. Maximum 
uncertainlies in t" are ± 0.1 for Raman and ± 0.05 for XRC. The XRC 
analysis gave best-fit In compositions of x ~ 0.11. 0.09. 0.17 for samples I, 
2, and 3. respectively. 

Sample cpfGaAsj cl' [In,Ga, ,As] 

No. Raman XRC FS Raman XRC FS 

- O.OO4(LO) 0.007 0.26 -0.76(LO) - 0.77 -OSj 
2 a.W(LO; 0.14 0.22 O.76(LO) -0.51 - 0.43 

0.07(1'0) -O.12(TO) 
3 O.30(LO) 0.33 G.41 O.96(LO) -0.93 - 0.82 

0.18(TO) - 0.16('[0) 

too small an x value, or from variations of the In content at 
depths exceeding the -·2000 A laser penetration. Overall we 
regard the independent agreement between the LO-Raman 
and XRC strains to be quite satisfactory, and of equal quality 
for the [001] and [111] grown samples. The latter cO~1pari
son is a consistency check supporting our (orientation inde
pendent) choice of the unstrained reference frequencies. 

In contrast, the TO-Raman-derived strains show a 
clear trend toward smaller values, deviating from both the 
XRC and the LO phonon results, especially for the InGaAs 
laycrs. The strain underestimate arises because, unlike LO, 
the shift (see Fig. 2) of the bulk TO frequency with alloying 
is considerably weaker than that due to strain. This causes 
the centroid of the TO peak (which contains phonon contri
butions from both SL constituents) to end up closer to either 
bulk reference frequency than warranted by strain. (See the 
arrows in Fig. 1.) 

That this occurs without substantial broadcning of the 
single symmetric TO peak (compared to LO) is not alto
gether unexpected. Singlc peak behavior is an interesting 
property of the InxGa1 xAs/GaAs system which has been 
observed repeatedly in [001] grown samples for x<;~O.2,8.12.13 
as well as in the present rIll] oriented x = 0.1, O. I 7 SLSLs. 
Although not completely understood, it is related to the fre
quency overlap bctween the internal-strain-shifted GaAs
like optic branches in each SL constituent. 8 Even for incom
plete strain alloying ccmpensation, one can have sufficient 
degeneracy within the Raman peak width to suppress the 
occurrence of spatially modulated frequencies. For example, 
the strain-shifted (11'10 of GaAs and Ino 17 Gao.S} As differ by 
only ~ 6 em - 1 compared to the 5.5 cm - I Raman width. The 
range of q-scattered needed to include chemical disorder, 
structural disorder, and thermal decay determines the fre
quency overlap. As these effects are not easily separated even 
in bulk lnx Gal x As, which exhibits one-mode behavior for 
x 0;,;;0. 27, 11 further study of the SLSLs, perhaps by applied 
uniaxial stress, would be helpful. 

Table I allows an assessment of several sample charac
teristics related to growth. In each of the SLSLs the mea
sured GaAs strains are lower than what is expected for free
standing growth, indicating that the graded bulfer layers 
may be In deficient. This is consistent with secondary-ioll 
mass spectroscopy and Rutherford baekscattering studies 
on sections from the same parent SLSLs.4 For pseudomor
pIlic growth of elastically similar materials, Ep is expected to 
bel 
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E~I.2) = ± [h (2.1!/(h ill + h (21) Jf + En (5) 

where superscripts (1,2) label the constituents, h is the 
layer width,fis the bulk misfit, and + applies to constituent 
( 1) (here GaAs). The f,rst term on the right is the strain for 
a free-standing SL, and Es is the net residual strain due to the 
substrate, or bum;r in our case. 

E, was computed from the measured E~l.2; assuming the 
individual SL layers did not exceed their critical thickness 
he' normally ~ 1500 A for IHo.l Gao.qAs films on GaAs.13 
We f1ndthat Es'C;; - 0.25% for each SLSL Thislssmalleom
pared to the maximum absolute misfits of 0.72% and 1.22% 
for our x = 0.1 and x = 0.17 samples, respectively. Hence, 
by any current estimates,l the 4200 A thickness of these 
SLSLs should not exceed pseudomorphic limits. Very recent 
transmission electron microscopy characterization showing 
that threading dislocations are well confined to the buffer 
regions bears this out.-1 

In conclusion, LO Raman scattering is an effective 
technique for mapping the internal strain in [111] and 
rOOl] oriented InxGu l _ x As/GaAs SLSLs. However, com
parison to XRC data shews that TO scattering should not be 
used because strain alloying compensation does not apply 
for TO as it does for LO. Evidence for pseudomorphk 
growth, with some net compression and macroscopic inho
mogeneities, was found in the lOOl] and the piezoelectric 
r 1 II] SLSLs mapped in the present study. 
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