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Atomic ordering-induced band gap reductions in GaAsSb epilayers
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A series of GaAg,Sh, epilayers(0.51<x<0.71) grown by molecular-beam epitaxy on GaAs
substrates with surface orientations(661), (001) —8° toward(111)A, (001) —8° toward(111)B,

(115A, (115B, (113A, and (113B were investigated using temperature-dependent Fourier
transform infrared FTIR) spectroscopy and transmission electron microscopy. Atomic ordering in
these epilayers was observed from a decrease in the energy gap measured by FTIR absorption and
corroborated by superlattice reflections in electron diffraction. Contrary to previous investigations of
ordering in IlI-V alloys, a marked energy-gap reduction, corresponding to BuiAbe ordering, is
observed in the GaAs,Sh, grown on(111)A-type substrate offcuts. @005 American Institute of
Physics[DOI: 10.1063/1.1834983

INTRODUCTION In this paper, we present energy-gap reduction data and
ordering parameter estimations obtained from Fourier trans-
GaAs _,Sh, is a promising material for the fabrication of form infrared (FTIR) absorption spectroscopy studies of
electronic and optoelectronic devices, with technological poGaAs_,Sh, epilayers grown on different orientations of
tential that has been studied in conjunction with other 11l-V GaAs in order to elucidate the role of substrate orientation on
alloys for various applications such as heterojunction bipolaspontaneous atomic ordering. Absorption results will be
transistors, double heterostructure lasérand vertical cav- compared to the observed superlattice spot intensities in
ity surface emitting lasersin addition, GaAs_,Sh, exhibits  transmission electron diffractiofTED) patterns to qualita-
strong atomic ordering when grown by molecular-beam epitively relate the observed ordering-induced band-gap reduc-
taxy (MBE).*® Spontaneous ordering causes changes in th&on.
electronic properties and, as such, it can be useful in the

engineering of optoelectronic devices where energy-gap tai-
loring is needed. EXPERIMENT

Ordering has been observed in many Ill-V semiconduc- GaAs_,Sh, epilayers(0.51<x<0.71) were grown us-
tor alloy Systems, including Aln,As, InGa_As, and g MBE on GaAs substrates with surface orientations of
!nXG?i_XP. =~ Different designations for the types of or<_jer— (001), (001) —8° toward(11DA, (001) —8° toward(111)B,
ing (i.e., CuPtA, CuPtB, and CuAy are used, depending (1154 (115B, (113A and(113B. The series of substrate
upon the crystallographic direction of the ordered atomicy ientations was chosen to induce a range of order param-
planes. The most investigated type of ordering, GBPS  gters. A VG V80H MBE system used at the Blackett Labo-
formed along only the twd111)B-type directions. It has ratory, Imperial College, utilized As Sh, and Ga as
been suggesteti™ that this is a result of the reconstruction soyrces. Alloy compositions were controlled using Ga and
of the growing surface and that incorporation of atoms aigy jncorporation rates determined using reflection high-
surface steps plays a critical role in the ordering process. Anergy electron diffractiofRHEED) intensity oscillations.
fundamental understanding of the origins of these types ofaas buffer layers were initially grown on the cleaned sub-
ordering is still needed in order to utilize the ordered mateate at 580 °C. Film growth rates were kept constant at

rials in engineered devices successfully. approximately Jum/h, and the substrate temperature held at
525 °C. Film growth parameters, compositions, and substrate

dElectronic mail: bgorman@unt.edu orientations are summarized in Table I.
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TABLE I. GaAs,_,Sh, film growth properties and ordering parameters calculated from the band-gap decrease
relative to that predicted from its composition.

Sb conteni(x) from XRD Growth temp E, calculated E; measured

Sample Substrate orientation and (EPMA) (°C) (eV) (eV) S
472 (115B 0.529(0.5149 525 0.761 0.713 0.27
473 (007 0.647 525 0.703 0.658 0.27
474 (115A 0.643(0.618 525 0.704 0.550 0.49
478 (001) 8°—(111)B 0.568 525 0.738 0.692 0.27
479 (007 0.669(0.669 525 0.696 0.650 0.27
480 (001) 8°—(11DA 0.650 525 0.702 0.642 0.31
483 (113A 0.711(0.6549 525 0.686 0.629 0.30
484 (007 0.688 525 0.691 0.672 0.17
485 (113B 0.511(0.496 525 0.772 0.745 0.21

Following the growth of GaAg,Sh, epilayers approxi- band structur® from the extrapolation of the slope of the
mately 2 um thick, compositions were determined using absorption coefficient squared versus the photon energy to
double-crystal x-ray diffraction(XRD). For the samples the zero value base line.
grown on (001)-oriented substrates, XRD measurements Since FTIR absorption spectroscopy cannot directly
were made both of théD04) and the asymmetri¢115 re-  measure the ordering paramet@), only qualitative mea-
flections that enabled the degree of relaxation of the samplegiirements of can be made. In order to estimate the degree
to be measured and the alloy composition to be determine@lf ordering from the observed energy-gap reduction, the the-
accurately. The results were also corrected for layer tilt byoretical approach proposed by Zunger and Matidjamd
taking measurements with the sample rotated at 0° and 180Wei et al.*” was employed. They proposed the following ex-
The (001) layers were found to be between 90% and g5gPression to describe the energy-gap reduction, resulting from
strain relaxed. Using these same techniques, accurate coffe presence of CufB-type ordering in an alloy system
positions were also determined for t{@1) 8° toward(111) AEL(S) = E/(S) — E4(0) = AE4(1) =3 (1)
offcut samples.

For the samples grown qi15)- and(113-oriented sub-  where AEy(S) is the value of the reduced energy gap ob-
strates, the XRD measurements were made Wifth) and tained from the calculated differences for the random alloy
(113 reflections, respectively, and the alloy compositions[E4(0)] and the values obtained from the absorption mea-
calculated assuming the layers were 100% relaxed. Howevesurementd E4(S)]. The variation of the energy gag(0),
due to the different relaxation mechanisms expected for thes&ith composition for the random GapsSh, alloy predicted
non{001) substrate orientations it is expected that the degreby Nahory et al’® is given by Ey=1.43-1.%+1.2A This
of strain relaxation in these samples may be considerablformula was obtained from the results of photoluminescence
lower than those measured for t#@1) substrate samples. In measurements of the random GaASh, alloys grown by
order to double check the accuracy of the compositions ddiquid phase epitaxy of varying value at room temperature.
duced from the XRD measurements for these offcut sampled,his expression agrees well with the experimental results
wavelength dispersive x-ray electron microprobe analysi§btained by different optical technique¥®™°The energy-
(EPMA) measurements were performed using(@01)-
oriented substrate GapsSh, sample of known composition a1’ F T '
as a compositional standard. Comparisons of the composi- g GaAsSb on
tions determined using XRD and EPMAable ) illustrate (00ns"~4 118
that the EPMA-measured Sb contents of Bheffcut layers
are slightly less, but thé offcuts are quite a bit lower than
the XRD-measured Sb contents. The implications of these
compositional discrepancies on the ordering parameters will
be discussed later.

The optical properties of the GaAsSh, epilayers were
investigated using temperature-dependent FTIR spectros-
copy. Samples were mounted in a variable-temperature cry-
ostat and aligned with the film surface normal to the infrared . 70.692 eV .
beam. Transmission spectra were acquired using a mercury 06 0.7 0.8 0.9
cadmium telluridg MCT) detector over the range of 0.2—-1.4 Energy (eV)
eV. Film thickness and refractive indexes were determined

usina a technigue described reviodél ver the tempera- FIG. 1. Absorption coefficient squared vs photon energy for a
9 q P v P GaAg .43Sh 565 €pilayer on a(001)—8° toward(111)B GaAs measured at

ture range of 4-300 K. As seen in .Fig. 1, the e_nergy %p' 300 K. The extrapolation of the data gives a band-gap value of 0.692 eV at
at each temperature was determined assuming a parabokgo K.

1x107|
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FIG. 2. Room-temperature energy gap vs composition for a series of
GaAs_,Sh, epilayers. The results of this work are shown as solid squares.
All samples exhibit some degree of CuBype ordering.

gap reductionAEy(1), for fully ordered systems has been
theoretically calculated for most 11-V ordered alloy$>*’
The calculated\E4(1) for GaAs Sk, was determined using
the method described by Zunger and Mahdfamhe differ-
ence between the corrected random-alloy energy gap calcu-
lated from the SQS-4 model and the calculated fully ordered
energy gap was used a&4(1). Equation(1) was then uti-
lized to deduces from the measure&y(S).

Transmission electron microscogf EM) and diffrac-
tion (TED) were also employed to observe the ordering ef-
fects in the epilayers. Cross-sectional and plan-view samples
were prepared using standard techniques and examined in a
Philips CM30 TEM at 300 kV. The strength and arrangement
of TED superlattice spots were assessed in order to deter- (b)
mine qualitatively the amount and type of the ordering. Dark

field and high—resolution TEM images were employed to fur-FIG. 3. Selected area transmission electron-diffraction pattern of sample
ther i tigate th . truct fthe | 483 grown on(113)A GaAs, illustrating a strong degree of ordering on both
er investigate the microstructure of the layers. sets of{111}B planes.(a) [110] zone andb) [110] zone.

RESULTS
The energy gap$E,) of the MBE-grown layers were The TED measurements illustrate that samples grown on

obtained from the temperature-dependent FTIR transmissio&jtl]e(l,13)A and(115A orientation GaAs sqbstrates contained
measurements, as illustrated previodélps shown in Fig. omains of a ra'_[her strong CuPt ordering on both sets of
2, the observed room-temperature energy gaps were found {613}5 planes. Figures 3 and 4 show ti#10] and[110]
be less(by varying degreeshan those predicted by the stan- 20N€ TED patterns for samples 488=0.711) and 474(x
dard energy gap versus the composition expression for a ram-0-643- In the[110] TED pattern, only diffraction spots due
dom alloy?®?° As seen in Table I, the differences betweentO the zinc-blende structure are observed. However, in the
the predicted and measured values for the presently invesfil10] pattern, strong superlattice reflections corresponding to
gated samples lie between 10 and 150 meV. As mentionethe ordered structure at +1[/P11] and +1/2111] from each
earlier, slight discrepancies in the film compositions werefundamental reflection are present. The presence of these
obtained from the XRD and EPMA measurements. Fromhalf-ordered diffraction spots in the TED patterns implies
Table | and Fig. 2, it can be seen that a rang&g®) values  that ordering on thé111) and (111) planes has occurred.
can be obtained from the XRD and EPMA composition val-The relative strength of the superlattice spots was lower in
ues. Due to the higher Sb content, and thus smaller energjhe sample grown o1(113)A than in the sample grown on
gap reductions, values & were calculated using the XRD (115A. This result correlates well with the absorption mea-
compositional data. surements, which indicated energy-gap reductions of
The reduction of energy gap has been noted before a50 meV and ~150 meV, respectively, for these two
room temperature in MBE-grown GaAsSb Iay"@@ but  samples.
never to such an extent. In order to confirm that the reduction  Figure 5 shows diffraction patterns obtained from two
in energy gap is due to CuPt-type ordering, TED measureerthogonal(110) cross sections of sample 472=0.529
ments were performed on a representative set of samples.grown on (115B GaAs. Diffraction patterns at thgl10]
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FIG. 5. Selected area transmission electron-diffraction pattern of sample

o . ) 472 grown on(115B GaAs, illustrating a medium degree of ordering on
FIG. 4. Selected area transmission electron-diffraction pattern of samplgnly the (111)B planes.(a) [110] zone andb) [110] zone.

474 grown on(115A GaAs, illustrating a very strong degree of ordering on
both sets of 111B planes.(a) [110] zone andb) [110] zone.
contribute to the band-gap reduction. In particular, phase

zone axis only exhibit the Bragg reflections of the fundamenseparation in samples witk<<0.7 may cause a band-gap
tal zinc-blende structure. In thEL10] zone axis pattern, reduction if a second, Sb-rich, phase was pre¢se¢ Na-
(111) superlattice spots of medium strength are present ifiory compositional dependence of the band gap in Fig. 2
addition to the base matrix spots, indicating the doubling in
periodicity of the crystal structure along th&l1] direction.
These results demonstrate the formation of[ttEL] variant
of the CuPt-type ordered structure in the Ga4Sh, layer
grown on(115B GaAs. This sample showed an energy-gap
reduction of=50 meV in comparison to that predicted for a
random alloy of the same composition correlating well with
the relative strength of superlattice spots observed for this
sample. In Fig. 6, a Fourier filtered lattice image of sample
472, ordered domains corresponding to the single variant of
the CuPtB-type ordering observed in this sample are visible.

Figure 7 shows the diffraction patterns from sample
479 (x=0.669 grown on(001) GaAs. The diffraction spots
in Fig. 7 indicate weak ordering on both sets {df11}B
planes in the examined cross section. According to previous
studies on these alloy materidl& it was expected that the
(001) substrate orientation would provide a larger degree of

ordering th_a_n was obsgrved for_ this particular sample. FIG. 6. Fourier filtered lattice image £10] cross section, showing atomic
In addition to atomic ordering, other factors may alsoordering on only th&111)B planes for sample 472 grown ¢h15B GaAs.
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FIG. 8. Chemically sensitivé002 reflection dark field TEM image of
sample 474, illustrating no phase separation present in the GaAsSb layer.

relative degree of ordering visible in the intensities of the
superlattice reflections qualitatively correlate well with the
magnitude of the energy-gap reductions. The valu& o
somewhat larger than that expected and may be attributed to
either the errors in the calculation of the random-alloy com-
position band gap, the theoretically determined band gap for
the fully ordered alloy, or the limitations of the theoretical
method used to calculate the ordering parameter. Due to the
applicability of the random-alloy calculation to other
GaAs_,Sh, studies, the main overestimation likely lies with
either the ordering parameter calculation or the fully ordered
alloy band-gap calculation. As seen in a previous wiithe

& dependence on the band-gap reduction does not agree
with the experimental data obtained for GalnP, and this may

FIG. 7. Selected area transmission electron-diffraction pattern of sampl R
479 grown or{001] GaAs, illustrating the lowest degree of ordering on both @lso be the case for other I1I-V alloys. Although the value of

sets 0f{111)B planes.(a) [110] zone andb) [110] zone. the energy-gap reduction for the completely ordered alloy is
believed to be overestimated and is only applicablex at

=0.5, it is the only theoretically calculated value found in the
Previous studies of low-temperature grown MBE literature for the GaAs,Sh, alloy.
GaAs,Sh, alloys have revealed phase separation by the From Table | and the TED results, it is evident that the
splitting of primary diffraction spots as well as by the struc- samples grown on th@ 11)A-type offcuts(i.e., samples 474,
ture factor contrast in dark field TEM.As seen in Figs. 3-5 480, and 48Bexhibited a higher degree of ordering than the
and 7, no splitting of the primary diffraction spots is present,samples grown or§111)B-type offcuts and(001) substrate
indicating the lack of phase separation in the Ga8h,  orientations. This is the opposite behavior to that exhibited
alloys. Figure 8 is a chemically sensitit®02) reflection by GalnP layers grown by metal organic vapor phase epitaxy
dark field image of sample 474, which has the largest bandwhere layers grown ofil11)A-type offcuts were found to be
gap reduction in this study. The lack of contrast in this im-much less ordered than the layers grown @®1)- and
age, apart from that due to the threading defects in the laye(111)B-type offcut substrate® In fact, among the samples
indicates an absence of phase separation in the alloy, arnidvestigated, the three samples having the largest energy-gap
further indicates that the band-gap reduction is due to theeductions were all grown on th@11)A-type offcuts. This

atomic ordering and not to the phase separation. suggests thai-type steps play an important role in the CuPt-
From these results it can be concluded that the observeB-type ordering process in MBE GaAsSh, layers.
energy-gap reduction for the GaAsSh, layers is indeed The observation of the strongest atomic ordering in the

caused by the formation of the ordered structure. It should bél11)A-type offcut substrate samples could also arise if sig-
noted that the energy-gap value for a Ga4Sh, alloy at a  nificant roughening of the growth surfaces occurred locally,
given composition ofx=0.643 is 0.55 eV. Such a large producing a large surface area having orientations close to
energy-gap reduction was due to the CB8Riype atomic or- exact(001) and/or offcut a few degrees towards tfil 1)A
dering in this 1ll-V-V-type alloy. or (111)B direction that could generate CuBttype ordering
Upon comparing the calculated order paramé&&mwith (e.g., see Chap. 1 Sec. 2.4 of Ref).IDhis was checked by
the TED results for samples 474 and 4R2g. 4 and 3, the  performing atomic force microscogdFM) on the surfaces
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FIG. 9. AFM images and AFM line profiles in tHe.10] and[110] direc- 0 1.0 2.0 3.0 4.0
tions of the surface of the following GaAsSb samples:(115A (sample o m pm
474), (b) (115B (sample 472 The image height scale is 30 nm f@ and 2
300 nm for(b). Note the much flatter surface of tfig15A sample. [110]
of the majority of the samples. The results are illustrated in o \/\\MM
Fig. 9-11 which show AFM images and AFM line profiles
along the[110] and[110] directions of the surfaces of the &
samples grown 01f115A-, (119B-, (113)A-, (113B-, and 3 ‘ ; ;
(00Y)-oriented substrates, respectively. In addition, the root- 0 1.0 ﬁ,?] 3.0 4.0
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FIG. 10. AFM images and AFM line profiles in th&10] and[110] direc-
tions of the surface of the following GaAsSb samples:(113A (sample
483), (b) (113)B (sample 48k The image height scale is 120 nm fay and
450 nm for(b). Note the much flatter surface of tli@13 A sample.

FIG. 11. AFM image and AFM line profiles in the.10] and[110] direc-
tions of the surface 0f001) GaAsSh(sample 48}t The height scale of the
image is 100 nm.

mean-squarérms) roughness values were determined from
4 umX4 um scan areas and are listed in Table Il. From Fig.
9-11 and Table Il it can be seen that {14 1)A-type offcut
surfaces are much flatter than tH&11)B-type surface
offcuts. In fact, the rms roughness values of (h&5A and
(113)A samples are comparable to that measured for the
(001 surface samples. If one compares the AFM line profiles
for the highest-ordered samdlé74, grown on(115A, Fig.

TABLE Il. GaAs;_Sh, film surface roughness as determined by atomic
force microscopyAFM).

Sb contentx) from XRD

Sample Substrate orientation and (EPMA) Roughness(nm)
472 (115B 0.529(0.519 22.7
474 (115A 0.643(0.618 1.6
478 (001 8°—(111)B 0.568 9.9
479 (002 0.669(0.669 2.2
480 (001 8°—(11DA 0.650 2.9
483 (113A 0.711(0.659 6.5
484 (001 0.688 5.0
485 (113B 0.511(0.496 26.8
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