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Optical linewidth and field fluctuations in piezoelectric quantum wells
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The photoluminescence linewidth in CdTe-based piezoelectric quantum wells increases with the
quantum-well width: this demonstrates the contribution of fluctuations of the built-in field, which ap-
pear strongly correlated with the width of the x-ray-diffraction rocking curve. A more complete analysis
of the Bragg peak in the reciprocal space allows us to propose a quantitative model.

I. INTRODUCTION

Strained semiconductor-compound heterostructures
grown along a polar axis are known to incorporate a
built-in field induced by the mismatch strain through
piezoelectric effect."’? The component of this field paral-
lel to the growth axis causes a spatial separation of elec-
trons and holes confined in the quantum well (QW),
greatly modifying the electronic properties of these het-
erostructures. In particular, the built-in field acts as a
bias and enhances the sensitivity to any additional field:
under an applied electric field one observes a linear Stark
effect, as opposed to the quadratic one in a usual square
QW;3 also the field due to photocreated carriers may par-
tially cancel the built-in field, and this gives rise to
significant optical nonlinearity at low excitation density,*
lower than the densities required for mechanisms®> which
operate in square QW’s. Both effects are thought to have
potential applications in electrooptics and nonlinear op-
tics. However, these structures are also very sensitive to
less-controlled fields, such as surface fields related to
band bending and Fermi energy pinning,® or to field fluc-
tuations due to residual strain or to electrically active de-
fects. As a result, optical transitions are often severely
broadened, and the optical quality very much depends on
the structural quality of the whole heterostructure.”8

Here we show that the optical transitions in CdTe-
based piezoelectric QW’s are broadened by fluctuations
of the built-in field. This results in a linear increase of the
photoluminescence (PL) linewidth as a function of the
QW width, contrarily to the decrease usually observed
when the linewidth is due to fluctuations of the QW
width, e.g., in (001) QW’s. By comparing the PL line
broadening and the x-ray-diffraction rocking curves on a
series of samples, we establish that the field fluctuations
are directly correlated to the structural quality of the
buffer layer on which the QW’s are grown. When the
structural quality improves, the contributions of field
fluctuations and of QW width fluctuations are of similar
magnitude. All data on CdTe-Cd,_,Zn,Te and CdTe-
Cd,_,Mn,Te structures are accounted for using a single
linear relationship between the fluctuation of the built-in
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field (measured on PL spectra) and the width of the x-
ray-diffraction rocking curve. Finally a more complete
analysis of the x-ray Bragg peak (identifying the roles of
mosaic spread and of strain fluctuations using a high-
resolution diffractometer) allows us to calculate the fluc-
tuations of the built-in field due to strain fluctuations in
good agreement with the experimental findings.

II. EXPERIMENTAL RESULTS

A. Samples

Samples under study are CdTe-Cd,_,Zn,Te and
CdTe-Cd,_,Mn, Te QW’s grown by molecular-beam epi-
taxy. The growth conditions and general optical proper-
ties have been described elsewhere.® In all samples a
thick buffer layer is grown first on a GaAs or
Cdg ¢sZng gsTe substrate. Its thickness (2—-4 um) is far
above the critical thickness, so that the buffer layer com-
position determines the lateral lattice parameter of the
whole heterostructure: the strain in a CdTe QW grown
on top of this buffer layer is imposed by the lattice
mismatch 8a /a between CdTe and the buffer layer. Re-
laxation of the misfit strain between the buffer layer and
the substrate occurs through the formation of structural
defects. Growth conditions are chosen to favor the for-
mation of a dense array of dislocations at the
buffer/substrate interface; in particular, the use of vicinal
surfaces and of well-chosen temperature sequences during
the growth is determinant to avoid the formation and
propagation of twins in the whole heterostructure. In
samples of good structural quality relaxation indeed
occurs through dislocations and microtwins which are re-
stricted to the interface.

B. Photoluminescence and x-ray diffraction
in Cd,_,Zn, Te-CdTe QW'’s

Figure 1(a) shows PL spectra of two CdTe-
Cdg g4Zn, ;¢Te samples. It will be shown below that the
structural quality of both samples is quite different due to
slightly different growth conditions. Each sample in-
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FIG. 1. Photoluminescence of two CdTe-Cd, g4Zng ;¢Te sam-
ples (1 and 2), with several QW’s on each sample. The plots are
the (a) spectra, and (b) PL linewidth as a function of the QW
thickness.

cludes several CdTe QW’s of different widths, on a thick
(111) Cdg g4Zng ¢Te buffer grown on a (001) GaAs sub-
strate with a 4° miscut around [110]. As shown in Ref. 2
the redshift of the PL line is linear with the QW wiodth,
with a slope equal to the built-in field, 0.35 meV/A in
both samples. These spectra evidence a clear increase of
the linewidth as the QW width increases. This is shown
by Fig. 1(b), which displays the dependence of the PL
linewidth on the QW thickness for the two samples of
Fig. 1(a). On QW’s with sharpest transitions one ob-
serves an extrinsic line 3—4 meV lower in energy than the
intrinsic transition: this closely resembles PL spectra of
(001) QW’s, where the extrinsic line is, depending on the
sample doping, either a donor-bound exciton or a two-
electron X~ center.’ Then Fig. 1(b) displays the full
width at half maximum of the intrinsic line. For strongly
broadened transitions we took the overall linewidth. It is
clear from Fig. 1(b) that the broadening increases linearly
with the QW thickness, with a slope which depends on
the sample under study.

In CdTe-Cd,_,Zn,Te QW’s, such as those of Fig. 1,
we have shown>? that electrons and holes are not or are
barely confined in the QW (lattice mismatch is large and
band offsets small, so that piezoelectric effect dominates
over confinement effects). Then the electron level coin-
cides with the conduction-band edge of the barrier on one
side of the QW and the hole level with the valence-band
edge of the barrier on the opposite side, so that the tran-
sition energy is given (if we neglect the exciton binding
energy) by

E=E4(Cd,_,Zn Te)—qFL, . 80

Differentiating we obtain the effect of a change of the
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barrier gap E5(Cd;_,Zn,Te), of the QW thickness L, or
of the built-in field F as

8E =8E;(Cd,_,Zn, Te)—gF X8L, —qL,X8F .  (2)

In nonpiezoelectric QW’s it is well established that the in-
homogeneous width of the QW transitions is most often
due to fluctuations of the QW thickness. The linewidth
dependence is then AE =(dE /dL,)AL,, where the QW
thickness fluctuation AL, does not depend on L, (but
depends on growth conditions). Indeed AL, is expected
to be independent of L, as soon as a stationary surface
morphology is reached during the growth of the QW.
This appears to be the case in GaAs-Ga;_,Al,LAs QW’s
(Ref. 10) or CdTe-Cd;_,Mn,Te (Ref. 11) (001) QW’s
when broadening due to QW thickness fluctuations is
dominant. A constant AL, (independent of L) is also
quite probable in the present case, since growth is per-
formed on a vicinal surface and should occur through
propagation of the existing steps. Inserting a constant
AL, into Eq. (2) we predict a linewidth independent of
the QW thickness, in contradiction with Fig. 1(b). The
same is true if we consider the direct effect of alloy fluc-
tuations in Eq. (2). Hence Fig. 1(b) is a direct indication
that transitions are broadened by fluctuations of the
built-in field, with AE =¢qL  AF. For the two samples of
Fig. 1(b) we measure AF =0.34+0.04 and 0.1110.02
mV/A, respectively.

A similar broadening was found in CdS-CdSe superlat-
tices where the PL linewidth increases with the superlat-
tice period and decreases upon screening of the built-in
field by photoinjected carriers, which strongly suggests a
broadening by field fluctuations.'?

The field fluctuations AF may be due to charged de-
fects, but also, through the piezoelectric effect, to strain
fluctuations. While the former are difficult to evaluate,
x-ray diffraction gives information on the latter. The
width AOg( of a rocking curve of the (444) Bragg peak of
the buffer layer, using a single-crystal diffractometer,
after deconvolution of the K ;-K a, doublet, including an
apparatus contribution =O0.5 to 1 mrad is A6&C=11
mrad for the sample of Fig. 1 with AF =0.34 mV/A, and
AOrc=5 mrad for the sample with AF =0.11 mV/A,i.e.,
the same trend for x-ray diffraction as for field fluctua-
tions. Figure 2 shows for a series of CdTe-Cd,_,Zn,Te
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FIG. 2. Field fluctuation measured from the slope as in Fig.
1(b), as a function of the full width at half maximum of the (444)
rocking curve. The samples have similar compositions
(Cd|_xZn,Te barriers with x =0.15-0.18), but are grown un-
der different conditions.
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QW samples grown under different conditions, with
x =0.15-0.18, the field fluctuation AF measured as in
Fig. 1(b), versus the full width of the (444) Bragg peak
ABgc. In spite of some scattering we observe a strong
correlation between the two sets of data, which is reason-
ably described by a linear fit AF =~30A0g, with the field
in mV/A and the width of the Bragg peak in rad. Indeed
strain fluctuations (i.e., fluctuations of interatomic dis-
tance} are expected to broaden both the x-ray peak and
the optical transition. We show below that the relation-
ship between AF and Afg is not restricted to the present
series of CdTe-Cd,_,Zn,Te QW’s with x =0.15-0.18.

C. Experimental results on other samples

In order to compare results obtained on different kinds
of samples, the relationship AF =~30A60g., obtained on
the preceding series of CdTe-Cd,_,Zn,Te (111) QW’s
with x =0.15-0.18, i.e.,* F~3 meV/A and 8a /a ~107?,
is changed into

3)

This relationship is dimensionless [ Afg( is the width of
the (444) rocking curve, expressed in rad]. Moreover, the
built-in field F is related to the lattice mismatch da /a
through the piezoelectric coefficient e 4, and we expect
the same coefficient to enter the relationship between the
field fluctuation AF and the strain fluctuation (see below).
We have shown elsewhere® that in CdTe the piezoelectric
effect is nonlinear: this dimensionless relationship allows
us to compare samples where the lattice mismatch is
different. Moreover, in the case of CdTe-Cd,_,Zn,Te
QW’s Egs. (1) and (2) show that (in the case where the
linewidth is due to field fluctuations)

AF_ AE
F  Eg(Cd; ,Zn,Te)—E’

4)

where E is the PL energy of a particular QW, AE is the
corresponding linewidth, and E; (Cd;_,Zn, Te) is mea-
sured on the barrier: hence AF/F is measured directly
on the PL spectrum, as the ratio of the width of each line
to the redshift of the same line with respect to the barrier
line. Variations of the exciton binding energy and Stokes
shift are negligible. We shall first apply the same analysis
to the case of CdTe-Cd,_,Mn,Te structures grown along
[111]. Typical spectra have been given in Refs. 6 and 8,
where we have already stressed the influence of the
structural quality of samples on the PL linewidth. In
these samples definitely sharper x-ray rocking curves are
recorded, typically 1-1.5 mrad: in this case we used
double-crystal x-ray diffraction with an InSb monochro-
mator. As a result of the better structural quality, the
contribution of field fluctuations to the PL linewidth is
smaller than in CdTe-Cd;_,Zn,Te QW’s, and the contri-
bution of thickness fluctuations AL, cannot be neglected.
Figure 3 gives PL linewidths measured on two represen-
tative CdTe-Cd,_,Mn, Te QW samples. For the first
sample the linewidth decreases with the QW width, while
it increases for the second one.
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FIG. 3. PL linewidth for CdTe-Cd,_,Mn,Te QW’s, as a
function of the QW thickness. Symbols are experimental re-
sults, lines are results of calculations: solid lines represent the
effect of field fluctuations calculated for the width of the x-ray
rocking curve, Afgc, measured on the same sample; dashed
lines represent the effect of fluctuations of the QW thickness
AL, which is the only adjustable parameter. Results are plot-
ted for (a) x =0.23, AOgc=1.0 mrad, and AL,=0.5 ML; and
(b) x =0.19, ABgc=1.2 mrad, and AL,=0.3 ML.

In the case of CdTe-Cd;_,Mn,Te structures the lat-
tice mismatch is smaller and band offsets are larger than
in Cd;_,Zn,Te QW’s, so that the effect of quantum
confinement is of the same order as that of the built-in
field: Eq. (1) must be replaced by the result® of a detailed
calculation for E(F,Ly,). The contribution of field fluc-
tuations was calculated as AEp=(dE /dF)AF, where AF
is obtained from Eq. (3); Afgc is the width of the (444)
rocking curve measured on the same sample through
double-crystal diffraction, i.e., we use the same relation-
ship as determined for Cd,_,Zn, Te structures, without
an adjustable parameter. The contribution of the QW
width fluctuation was calculated as
AE; =(dE /dLy,)ALy,. Figure 3 illustrates that, depend-
ing on the heterostructure characteristics, the PL
linewidth is due to field fluctuations, QW width fluctua-
tions, or both. The only adjustable parameter is the QW
thickness fluctuation ALy, for which we find reasonable
values (0.3-0.5 ML). In particular when the broadening
due to field fluctuations dominates [Fig. 3(b)], the same
relationship as for CdTe-Cd,_,Zn, Te samples holds.

Finally the same analysis can be applied to other
piezoelectric heterostructures. PL spectra from CdTe-
Cd;_,Zn, Te QW’s grown along (112) exhibit the same
linear redshift!3 as a function of the QW width [Eq. (1)],
and the same linear increase of the linewidth. On the
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spectrum of Ref. 13 one measures AF/F=0.07, of the
same order as AF/F~0.04 in Fig. 1. Hence (112) and
well-controlled (111) CdTe-Cd,_,Zn, Te heterostructures
appear to have similar structural quality, in spite of the
greater difficulty to eliminate the twins in (111) growth.

The PL line shape depends not only on the excitonic
density of states, but also on the dynamics of the excitons
(spectral transfer). We have checked on many samples
that the same behavior is observed for the PL linewidth
and the PL excitation linewidth.” Hence the PL
linewidth is a good measure of the field fluctuations.
Since field fluctuations probably occur at a rather large
scale (as compared to the exciton Bohr radius) they are
not averaged out (such an averaging over the exciton
volume is well known for fluctuations of the QW width'°
or for microscopic alloy fluctuations'#).

D. Strain fluctuations and mosaic spread

The width of the Bragg peak in epilayers is due to
strain fluctuations (changes in the interplane distance)
but also to mosaic spread (orientation distribution of the
diffracting planes). Both are expected to increase with
the density of structural defects. However, local
misorientations of the lattice do not alter the value of the
built-in field.

The different contributions to the width of a conven-
tional rocking curve in x-ray diffraction can be disentan-
gled by recording an @ scan and a 8-26 scan (with thin
slits in front of the detector, or in a diffractometer with a
four-crystal monochromator and an analyzer): for such
an experimental setup the instrumental function is nearly
a 8 function perpendicular to the diffraction plane (plane
including the incident and diffracted wave vectors). One
then can perform a map of the scattering intensity in re-
ciprocal space.!® If the divergence of the beam is low
enough, the width of the Bragg peak in an o scan directly
gives the fluctuation of the direction of the diffracting
planes (which is generally attributed to the mosaic spread
but also includes shear components of the strain tensor),
i.e., Aw=Aq,/q. If the monochromaticity is high
enough, the width in a 6-20 scan is related to the distri-
bution of the interplane distance, i.e., AO=(Aq, /g)tané.
In strained epilayers one often finds a contribution of mo-
saic spread larger than that of lattice spacing fluctua-
tions.!® In this case the width of a conventional rocking
curve (one performs a 6—26 scan, while keeping the slits
in front of the detector widely opened), which combines
both effects, is dominated by mosaic spread.

The two contributions were measured on a
Cdy ¢Mn, 4Te layer grown on a Cd; osZng osTe substrate,
using a four-crystal monochromator and a two-crystal
analyzer [both using (220) Ge diffraction]. The resolution
is given by the beam divergence (around 12 arc sec) and
the wavelength dispersion AA/A=~10">. Figure 4 exhib-
its the isointensities of the (444) Bragg peak in reciprocal
space (using Cu K¢, radiation, A=0.1541 nm, 6=56").
The mosaic spread contribution is the largest one. We
measure a full width at half maximum 170 arc sec in the
o scan (i.e., Ag, /g =0.84X1073) and 120 arc sec in the
0-20 scan, (.e., Agq,/qg=A0/tan6=0.41X 1073). On
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FIG. 4. Isointensities of the (444) Bragg peak of a
Cdy ¢Mng ,Te layer (L) and its substrate (S). Full widths at half
maximum are directly measured on the w scan (170 arc sec for
the layer and 11 arc sec for the substrate) and on the 6-26 scan
(120 arc sec for the layer and 23 arc sec for the substrate). Plot-
ted isointensities are 4, 10, 25, 50, 65, 85, 100, 400, 1200, and
2500 counts per second, with a maximum intensity 93 counts
per second for the layer.

the same sample the width of the conventional rocking
curve (i.e., without analyzer) is 240 arc sec (AOgrc=1.2
mrad).

To summarize, we have shown on a large series of
CdTe-Cd,_,Zn, Te and CdTe-Cd,_,Mn,Te samples
that the PL linewidth is due to, or includes, a contribu-
tion from fluctuations of the built-in field, with the rela-
tionship

AF

F

=0 s /a

exp

(5)

between the field fluctuation and the width of the conven-
tional (444) rocking curve. Moreover, on a CdTe-
Cd;_,Mn,Te sample the detailed study of the (444)
Bragg peak gives

AGRCz2.9Aq” /q , (6)
hence
AF Ag,/q
el ~0.3—1L——
F exp 0 8a/a ™

III. DISCUSSION

In a strained (111) layer the piezoelectric field F and
the displacement (with respect to unstrained CdTe) of a
particular Bragg peak in reciprocal space can be ex-
pressed!” as a function of the strain tensor. The strain
tensor itself can be calculated under the usual assump-
tions that stress components at the surface are zero
[033=03,=03,=0, where (3) labels the growth axis, and
(1) and (2) are two perpendicular axes within the growth
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plane] and that the strain is isotropic within the growth
plane (g, =g, =¢, €;,=0), with ¢;=5a /a in the case of
a coherent QW.

One obtains

12¢c44

€4 =£xx+8yy+szz= C11 +2€12+4C44 8“

for the isotropic strain, and

¢y t2cyp
e, 6 —~¢, =g, =——————F¢ )
SR ey 2oy !

for the trigonal strain components. The tetragonal strain
components are zero. Here x, y, and z label the cubic
axes.

The piezoelectric field is

3
_ 2w || _2ew  ent2en i o)
egg | = ggy €y +2c,+dcy | )
Exy

We will consider also the (444) Bragg peak. For un-
strained CdTe,

1

q0:4/a0 1 ’
1

with a;,=6.481 A. For strained CdTe the variation
q—qq of q with respect to its unstrained value q is calcu-
lated using the strain tensor: the variation of the inter-
plane distance corresponds to the longitudinal com-
ponent of q—q, (here along the [111] direction), which
writes

(a—q); _ (@—qo) 9o
90 90°90
=gty TE, )+ e, e, +E,) . (11)

The perpendicular variation of q, which represents the
rotation of the diffracting planes, contains shear strain
components and the lattice misorientation  (which
would appear as antisymmetric components of the strain
tensor):

(@—q0)[71y

=1 — —
+(2e,—¢,, —€
90

— 1
w) " TExy

+ie,tie, to. (12)

The effect of small deviations of the strain components
(8€,,. . .) and of the lattice misorientation can be derived
from these expressions. For the field we are interested in
the variation of the component normal to the QW,

SF _ 8F-F _ 58xy+88yz+582x ci1+2c; ey
F F-F 38a/a

C1y +2c 12
(13)
For the Bragg peak we just differentiate Eq. (11):
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5¢
__”=_31_8(5xx+gyy+gzz)+%(88xy+88yz+8€zx) . (14)

The same combination of trigonal strain enters both Egs.
(13) and (14); however, the position of the Bragg peak de-
pends also of the isotropic strain. This demonstrates that
the field fluctuation and the width of the Bragg peak in a
6-260 run are correlated, but the exact distribution of
strain fluctuations and the correlations between the fluc-
tuations of the various components of the strain tensor
must be considered.

Our aim here is to check whether strain fluctuations in
these samples have the right order of magnitude to ac-
count for the field fluctuations revealed by the width of
QW photoluminescence lines. Hence we shall use the
simplest hypothesis that the strain fluctuations can be de-
scribed as fluctuations of the in-plane components of the
strain tensor (€;;,€&,,,€1,), the normal components of the
stress tensor (03,0,3,033) being zero. This corresponds
to the idealized case of a dense array of structural defects
in the vicinity of the buffer/substrate interface, the layer
itself remaining free of defects and the surface free to re-
lax. In addition to the fluctuation of the (symmetric)
components of the strain tensor we must add fluctuations
of the lattice misorientation (mosaic spread) due, e.g., to
the screw components of misfit dislocations.

We shall simplify further this model by assuming that
the strain imposed to the buffer layer remains isotropic in
the layer plane; i.e., we have only fluctuations of ¢,. Then
it is straightforward to calculate

AF _ Ay
F 8a/a’
and, for the (444) Bragg peak,

(15)

Aq" :2C11+2C12_ZC44 AE (16)
q ey t2ctdcy,

while Ag, /q is restricted to the misorientation only.

Using ¢;;=5.35X10"° Nm™2% ¢,,=3.68X10"
Nm™2 and ¢,y =1.99X 10'° N m 2, for CdTe, we obtain

—A_F =l C“+2612+4C44 Aq“/q _ Aq”/q

F | 2ciit2c3—2cqy 8a/a "~ 8a/a

a7

In spite of the crudeness of the model (we reduce the
strain fluctuations to fluctuations of g, only), this result
compares favorably with the experimental result, though
with a slightly smaller numerical factor in the experimen-
tal result.

In the actual layer strains probably do not remain iso-
tropic within the layer plane: the measure of several
Bragg peaks would give some information on the relative
fluctuations of different components of the strain tensor.
Moreover, defects propagate into the layer (threading
dislocations, stacking faults, microtwins, twins, etc.): in
this case strain fluctuations are not homogeneously distri-
buted within the layer and decrease away from the inter-
face. This effect of annihilation of the defects during
growth was dramatically exemplified in a series of
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different combinations of III-V semiconductors,'® where
the density of threading dislocations was found to be in-
versely proportional to the layer thickness. This fact
correlates well with the usual findings that the x-ray
rocking-curve width decreases when the layer thickness
increases. In thick layers (the intrinsic effect is negligible)
with a finite density of threading defects, the width of the
6-20 profile, which integrates over the whole layer, com-
bines at least two contributions: (i) the interplane dis-
tance varies across the layer, i.e., the mismatch strain is
less relaxed close to the interface than near the surface;
and (ii) at a given depth there are strain fluctuations due
to the statistical distribution of defects. This broadening
increases with the defect density, so that fluctuations
close to the surface, where the QW’s sit, are probably
smaller than the average over the whole layer, which
enters the x-ray profile. Hence the present x-ray-
diffraction data overestimate strain fluctuations in the vi-
cinity of the QW and the corresponding field fluctuations:
indeed this improvement of the structural quality from
the interface with the substrate to the layer surface prob-
ably accounts for the different numerical factors, 1.2 in
the calculated relationship and 0.3 in the experimental
one. A complete quantitative model should include a
description of defect annihilation during the growth of
the buffer layer and a measure of the distribution of strain
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fluctuations (using surface-sensitive x-ray diffraction), and
is out of the scope of this paper.

To conclude, in CdTe-based QW’s grown along a polar
axis (CdTe-Cd;_,Zn,Te along [111] and [211] and
CdTe-Cd;_,Mn,Te along [111]) which incorporate a
built-in field due to the piezoelectric effect, optical transi-
tions are broadened by field fluctuations. These are
strongly correlated to the structural quality of the buffer
layer; as a result, field fluctuations in the top part of the
buffer layer (measured optically) are found proportional
to the width of the x-ray rocking curve. A quantitative
model (although simplified) relates the field fluctuations
to the fluctuations of the trigonal strain, measured in x-
ray diffraction in a 6-20 scan. When compared to
CdTe-Cd,_,Zn, Te, CdTe-Cd;_,Mn,Te structures not
only exhibit a larger carrier confinement but also smaller
relative fluctuations of the built-in field, correlated with
the better structural quality of the epilayer.
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