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Step Structure of C3aInAsSbGrown by Organometallic Vapor Phase Epitaxy

C,A, Wang
Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, MA 02420-9108

The microscopic surface morphology of GaXnAsSb grown by organometallic

vapor phase epitaxy on GaSb substrates has been studied by atomic force microscopy,

TINSeffects of growth temperature, alloy composition, and substrate disorientation on the

step structure were investigated. C3aInAsSb forms step bunches on vicinrd substra~es

when the growth temperature is 575*C and the alloy composition corresponds to an

energy gap Eg greater than about 0.55 eV. For ]ower-13gmetastable Ga@AsSb alloys, the

step edges become irregular and the surface roughness increases. The deterioration of the

step structure likely results from decomposition of the metastable alloy, and consequently

leads to degraded photolumineseencc (PL) properties. The 4-K PL full width at half-

maximum (FWHM) is significantly broadened. For epilayers grown at a lower

temperature of 525°C, step bunching is not observed, but the surface is mainly vicinal

with nearly regular steps that range 2 to 3 monolaytxs in height, Here, the PL FWHM

values are considerably smaller. The competition between thermodynamically driven

phase separation and kinetically limited surface diffusion is discussed.

Key words: Atomic force microscopy (APM), GaInAsSb, phase separation,
photoluminescence, organometallic vapor phase cpitaxy (OMVPE)
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The Gal.XInXAsYSbl.Yalloys with energy gap E~inthe O.5 to O.6eV range are”

currently being developed for mid-infrared emitters, detectors, and thermophotovoltaics.

One of the difficulties in growing this alloy arks from the existence of a miscibility gap,

in which the solid solution is thermodynamically .umtable.l Such alloys can undergo

spinodal decomposition into two different alloy phases of stable composition, Unlike

bulk metal alloys which phase separate by atomic diffusion in the bulk,2 epitaxislly

grown HI-V semiconductors decompose at the growing surface, since bulk diffusion is

ncgligible,3 Thus, the surface step structure as it influences the adatom mobility and

incorporation is likely to play an important role in the epitaxial growth of metastable

GaInAsSb alloys. M has been reported *at growth conditions including the substrate

temperature, growth rate, V/111ratio, and substrate vicinality affect the step structure of

GaAs~-7 Furthermore, the step structure has been shown to be significant in tie Cu-Pt

ordering of GaInP,* &d for impurity incorporation in GaAs.9Thus, studies of the surface

step structure are key to further our understanding of the growth mechanism of

metastable (3aInAsSb alloys.

Recently, we reported organometallic vapor phase cpitaxy (OMVPE) of
.

metastable Gal.&AsYSbl.y alloys lattice matched to GaSb substrates.’””’ It was shown

that both the growth temperature and substrate disorientation are important paranwters in

determining the material quality of these layms, Lowering the growth temperature from

575 to 525°C resulted in a decrease in surface roughness observed by Nomarski contrast

microscopy. In addition, the low-temperature photoluminescence (PL) spectra

significantly improved with the smallest full width at half-maximum (FWHM) values

.
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being measured for layers grown at 525”C. Furthermore, these same improvements were

noted for layers grown on (001) GaSb substrates with a disorientation of 6° toward

(lll)B as

GaInAsSb

grown. It

compared to a 2° toward (110) misorientation. Consequently, high-quality

epilayers with 300 K

was noted, however,

PL peak energy in the range from 0.5 to 0.6 eV were

that the lower-E~ GaInAsSb alloys, which penetrate

further into the miscibility

alloys.

In this work, we use ,

gap, exhibited inferior properties compared to higher-E~

atomic force microscopy (AFM) to study the dependence of

the step structure of OMVPE-grown GaInAsSb epilayers on various growth parameters

including growth temperature, substrate misorientation, and alloy composition. These

results are correlated with the epilayer optical properties. Such comparisons should be

useful in providing directions for further improvements in

metastable GaInAsSb alloys.

EXPERIMENTAL PROCEDURE

Gal.Jn~AsYSbl.Y epilayers were grown in a vertical

described previously. 10 Triethylgallium, trimethylindium,

the epitaxial growth of

rotating-disk reactor as

tertiarybutylarsine, and

trimethylantimony were used as source materials. Epilayers were grown

matched to (001) n-GaSb substrates rnisoriented either 2° in the [100]

the (101), or 6° in the [1-10] direction toward the (l-1 l)B. The alloy

varied to yield samples with 300 K photoluminescence (PL) peak

between 0.5 and 0.6 eV. The growth temperature was 525 or 575”C.

nominally lattice

direction toward

composition was

energy (E~wKPL)
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The microscopic surface morphology of GaInAsSbepilayers was measured by

AFM operated in tapping mode. Etched Si cantilevers with a nominal tip radius of 5 to

10 nm and a sidewall angle of 10° were used. Samples were typically scanned at 1-2 lines

per second with 512 pointslline. To minimize the surface oxide, the samples were stored

in a I% purged box before AFM measurements were performed. Nevertheless, the surface

structurw appeared stable over a several month period. PL measurements were performed

at 4 and 300 K using 647-rim krypton laser excitation and a PbS detector. The x- and y-

values of alloy composition were determined from the lattice mismatch (measured by

triple-axis x-ray diffraction), W()-K PL pak energy, and depmckncc of Eg on
.

composition.

RESULTS

Microscopic Surface Morphology

The microscopic surface morphology of Gal.XIn.AsYSbl.Yepilayers grown iattice

matched to C3aSb substrates is sensitive to the substrate disorientation, growth

temperature, and alloy composition. The AFM images shown in Fig. 1 compare epilaycrs

grown at 575°C on either a 2° toward (101) or 6° toward (l-1 I)B rnisoriented substrate,

The a}loy composition is nominally x = 0.12 and y = 0,1 for both layers with E3WKPL=

0.58 cV. For both samples, the surface morphology has periodically arranged structures

that run in the direction perpendicular to the miscut direction. This structure is

characteristic of step bunching of the growth front which was observed on vicinal GaAs

sm-faces.47 The surface is composed of multilayer steps that are bunched to produce

supersteps and relatively flat terraces that are tilted in the direction opposite of the

4
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disorientation direction. For the GaTnAsSbepilayer grown on a 2° miscut substrate (Fig,

la), the avmage terrace width is 39 nm and the step height is 1.5 nm, which results in a

tilt angle of 2.2°. On the other hand, the GaInAsSb grown on a 6° miscut substrate (Fig,

lb) has a narrower terrace width of around 28 nm, step height of 2.6 run, and tilt angle of

5.3.0 These angles are consistent with the expected (001) tmrace surface. If all the steps

are assumed to form at the facet, then the step bunching consists of about 5 and 8

monolayer for the 2 and 6° rniscut substrates, respectively.

The effect of alloy composition on surface morphology is shown in Fig. 2 for

GaInAsSb epilayers with a composition (x -0.14, y -0.12: E3MW~= 0.55 eV) that
.

penetrates further into the miscibility gap as compared to the samples shown in Fig, 1.

The layers were grown at 575°C on either a 2° toward (101) or 6° toward (l-1 1)3

disoriented substrate. The surface morphology is drastically degrar$xl for both samples.

The step bunching has been completely eliminated for the GaInAsSb grown on the 2°

toward (101) disoriented substrate (Fig. 2a), and the surface displays deep crevices

across the sample. For growth on the 6° toward (l-11 )B misorient&1substrate, a periodic

structure is still obsmved, but the step edges are rough and irregular and the height of the

step bunches is more than double compared to the 0.58-eV GaInAsSb shown in Fig. lb.

The growth temperature is also found to profoundly affect the surface

morphology. Since the results shown in Fig. 2 suggest that the surface morphology is

better for GaInAsSb alloys that penetrate further into the miscibility gap when cpilayers

are grown on the 6° toward (1-11)B misoricnted substrates, layers were grown on this

type of substrate. Figure 3 shows AFM images of three epilayers grown at 525°C with

different alloy composition, The GaInAsSb shown in Fig. 3a has a composition (x= 0.11,

.
-..
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j = 0.09: ~3wwL = 0.59 cV) similar to that of the sample shown in Fig. lb. This sample

did not exhibit step bunching. The surface is mainly vicinal in character with nearly

regular steps that range from 2 to 3 monolayer in height. The surface roughness (rrns) is

only 0.15 mm The samples shown in Figs. 3b and 3C have compositions that extend

further into the miscibility gap (x= 0.15, y =0,14: B~(@@L= 0.55 cV; x = 0.2, y = 0.18:

E3WWL= 0.50 eV, respectively). Similarly, no steps are observed for either of the

smaller-Eg GalnAsSb epilayms, although there are undulations that run perpendicular to

the miscut direction. The xms roughness is 0.26 and 0.82 nm, respectively. h would

appear that step bunching does not occur at 525”C.

Optkd Propertie6

The 4-and 300-K PL spectra for GaInAsSb grown at 575°C on the 2 and 6°

miscut substrates are shown in Fig. 4. Corresponding data are su-ized in Table 1,

Figure 4a indicates that the PL spectra of layers with a regulm step-bunched surface (Fig.

1) exhibit good PL properties with reasonable 4-K PL FWHM values. The 4-K PL peak

energy is about 0.07 CV higher than the 300-K PL peak energy, which ‘is expected.’1

However, the layers with the degraded rough surface (Fig. 2) are associated with inferior

PL properties. The layer grown on the 2° miscut is especially poor with 4-K PL spectra

that extends over a wide energy range.

The results in Table I indicate that for SOwth at a Constut tcmperatw, E~

decreases and the FWI-IM of 4-K PL spectra increases with increasing x- and y-values.

For epilayers of similar composition, smaller FWHM values arc achieved for layers

grown on the 6° toward (1-1 l)B disoriented substrate and at the lower growth

temperature of 525°C, consistent with our earlier studies. 10”’1The increased broadening

.
-.
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may be in part associated with the change in 13~associated with local variations in

composition resulting from the decomposition of metastable GafnAsSb. This explanation

is based on transmission electron microscopy studies that showed the Ga.lnAsSb

decomposed into GaAs- and InSb-rich quatemaries,i2

DISCUSSION

Step bunching is a kinetically limited surface process that evolves from

directionally dependent capture probabilities,’3 A step-bunched surface will evolve when

adatorns migrating on a terrace preferentially attach at descending steps rather than

ascending steps. For step bunching to occur, the adatom diffusion ]ength should be

greater than one-half of the terrace width, When the growth temperature is raised, or the

substrate miscut angle increases, then the likelihood of forming a step-bunched surface

increases. The growth of metastable alloys like GaInAsSb introduces additional

complexity to epitaxial growth. l%crmodynamic COaSide~dtiO~ suggest that higher

growth temperatures would provide a more stabilizing influence: 1 However, the higher

diffusion lengths can lead to therrnodyamically preferred alloy formation of the GaAs-

and InSb-rich quatemaries. The results reported here indicate that growth at a higher

temperature leads to irregular terrace widths ~d destruction of step bunching, Thus, the

thermodynamic driving form to phase separate and the kinetically limiting surface

diffusion are competing processes. Reducing the terrace width can be advantageous.

Since the terrace length is smaller for the 6“ compared to the 2° miscut sample, Ga and In

(and As and Sb) adatoms may be randomly incmporatcd and covered with the next layer

before significant surface diffiwion can occur.
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In the lowcx temperature regime (525”C), since step bunching is not observed, the

limited surface diffusion pm-nits the growth of GaInAsSb alloys that penetrate further

into the miscibility gap. Additional factors that will likely influence the surface structure

include both surface reconstructions and the chemical nature of the surface, which can

lead to anisotropy in the surface diffusion. Strain effects that arise from local variations in

the lattice constant produced by the compressive strain of the InSb-rich regions and

tensile strain of the GaAs-rich regions should also be considered. As a result, the limited

results presented here are insufficient to determine the details of the growth mechanism.

CONCLUSIONS

The growth temperature has been found to have a dramatic effect on the surface

structure of GaInAsSb layers that have been characterized by APM. Step bunching is -

observed for 0.58-eV Ga.InAsSb layers grown at 575°C, and the disorientation of the

substrate is presmved. The regular step structtire deteriorates for alloys that are grown in

the miscibility gap (0.55-eV GaInAsSb), and the PL properties sifilarly degrade. On the

other hand, GaInAsSb layers grown at S25°C do not exhibit step bunching. The surface is

vicinai with steps that are about 2 to 3 monolayer high. This observation may be

explained in part by a smaller surface diffusion kmgth,

atoms at descending steps, a condition consistent with

benefit of the smaller diffusion length for growth of

formation of compositionally inhomogeneous regions,

This limits the attachment of

step bunching. An additionrd

metastable GaInAsSb is that

which are thermodynamically

preferred, is inhibited. As a result, GaInAsSb alloys with 300-K PL peak energy down to

0.5 eV and good 4-K PL properties have been grown.
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Table I. Photoluminescence data for Gadn~As~bl.Y.

x, y 4-K Peak 300-K Peak 4-K FWHM Growth Substrate
cmergy(eV) energy (eV) (meV) temperature disorientation

0.11,0.09 0.666 0.593 4.3 525 6° + (1-ll)B
0.15,0. {4 0.610 0.546 6.0 525 6° + (1-ll)B
0.20,0.18 0.545 0,499 9.s 525 6° -+ (1-ll)B

0.12,0.10 0.650 0.579 11.2 575 2° + (101)
0.12,0.10 0.650 0.577 9.2 575 6° + (1-I1)B
0.14,0.12 0,520 0.555 * 575 2°+ (101)
0.14,0.12 0.620 0.550 12.7 575 6“+(1-ll)B

*Since the energy at 300 K is higher than at 4 K, nonband edge emission dominates the
4-K PL spectra. It is unclear whether the low-temperature emission is due to the variation
in local composition resulthqg from phase separation or defect or impurity related, or
both.

,

.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Atomic force microscope images of 0.58-eV GaInAsSb grown at 5750c

on (a) (001) GaSb disoriented 2° toward (101) and (b) (001) GaSb

disoriented 6° toward (l-1 l)B,

Atomic form microscope images of 0.55-cV GaInAsSb grown at 575°C

on (a) (001) GaSb rnisoriented 2° toward (101) and (b) (001) GaSb

rnisorientcd 6° toward (l-1 l)B.

Atomic force microscope images of GaInAsSb grown at 525°C on (001)
.

GaSb misorkmted 6° toward (l-1 l)B: (a) 0.59-oV GaInAsSb; (b) 0,55-eV

GaInAsSb; (c) 0.50-cV GaInAsSb.

Photohuninescence spectra measured at 4 and 300 K for (a) 0.58-eV

GaInAsSb grown at 575°C and (b) 0.55-eV GaInAsSb grown at 575*C.

The dashed line corresponds to growth on (001) GaSb substrates

rnisoriented 2° toward (101) and the solid line for (OOl)”GaSbrnisoriented

6° toward (1-ll)B,

*
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