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Direct-bandgap InAlP alloy has the potential to be an active material in nitride-free yellow-green

and amber optoelectronics with applications in solid-state lighting, display devices, and

multi-junction solar cells. We report on the growth of high-quality direct-bandgap InAlP on relaxed

InGaAs graded buffers with low threading dislocation densities. Structural characterization reveals

phase-separated microstructures in these films which have an impact on the luminescence spectrum.

While similar to InGaP in many ways, the greater tendency for phase separation in InAlP leads to

the simultaneous occurrence of compositional inhomogeneity and CuPt-B ordering. Mechanisms

connecting these two structural parameters are presented as well as results on the effect of silicon

and zinc dopants on homogenizing the microstructure. Spontaneous formation of tilted planes of

phase-separated material, with alternating degrees of ordering, is observed when InAlP is grown on

vicinal substrates. The photoluminescence peak-widths of these films are actually narrower

than those grown on exact (001) substrates. We find that, despite phase-separation, ordered

direct-bandgap InAlP is a suitable material for optoelectronics. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4804264]

I. INTRODUCTION

An efficient source of yellow-green light has potential

applications in solid-state lighting, display technology, and

telecommunication.1–5 However, the development of an

efficient and reliable direct yellow-green (560 nm�580 nm)

light-emitting diode (LED) or laser has been slow and chal-

lenging, in large part due to the lack of an active material.1

The most efficient LEDs at 573 nm use (Al0.4Ga0.6)0.52In0.48P

lattice-matched to GaAs as the active region, but are only a

fraction as efficient as a 650 nm red In0.48Ga0.52P LED.6

There are several reasons behind the poor efficiency of

(AlxGa1�x)0.52In0.48P (x> 0.3) LEDs, chief among them

being: proximity to the direct/indirect-bandgap crossover, and

the lack of an electron cladding material.7,8 The InAlP mate-

rial system has not been as well studied as the InGaP system,

but still has desirable properties. In0.48Al0.52P is lattice-

matched to GaAs and has an indirect-bandgap, finding appli-

cation as cladding or window layers for devices. Very few

studies exist of InAlP grown at compositions away from the

lattice-matched condition. In 1970, Onton and Chicotka stud-

ied InAlP at a wide range of compositions by growing crystals

out of a melt using a modified Bridgman technique.9 They

used cathodoluminescence to show that In0.56Al0.44P has

the largest room-temperature direct-bandgap at 2.33 eV

(�532 nm) of non-nitride III-V semiconductors at the direct/

indirect crossover. At this composition, it is about 0.5%

lattice-mismatched to GaAs. Two decades later, Bour et al.
synthesized InAlP on GaAs substrates via Metal-organic

chemical vapor deposition (MOCVD) in the range of

30%–60% In and used electroreflectance and Raman

spectroscopy to conclude that the direct/indirect crossover

occurs at 49% Al fraction but still at 2.34 eV.10 A few recent

studies involve lattice-mismatched indirect-bandgap InAlP on

GaAs via strained quantum wells, overcoming the lattice-

matching criterion.11 Tukiainen et al. even demonstrated a

650 nm CW laser using direct-bandgap In0.76Al0.24P strained

quantum wells on GaAs.12 InGaP is very well suited for

650 nm emission, and thus a replacement with InAlP is not

needed. However, the same cannot be said for 570–610 nm

emission. This motivates the investigation of lattice-

mismatched InAlP to gain access to the large direct-bandgap

for yellow-green and amber LEDs and lasers.

InAlP exhibits CuPt-B ordering under certain growth

conditions, which lowers its bandgap by more than

100 meV.13,14 Studies on InGaP have previously shown that

most of the reduction of the bandgap occurs via lowering of

the conduction-band edge due to level repulsion.15 If we

assume a similar property in InAlP, disorder/order/disorder

heterostructures can be an important tool by which one

can independently control the bandgap and electron

confinement.16–18 A significant portion of the paper is thus

devoted to understanding the microstructure and optical

characteristics of ordered InAlP, and the growth conditions

that result in strong photoluminescence intensity. We report

on the growth and characterization of direct-bandgap InAlP

grown at material compositions in which the lattice constant

is larger than the GaAs lattice constant. We use the well-

developed InGaAs compositionally graded buffer system19

to fabricate a virtual substrate on which epitaxy of InAlP is

initiated. Growth on a relaxed InGaAs layer lowers the
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threading dislocation density in the film and allows for

room-temperature optical characterization. The growth

conditions that result in the ordered film also result in

surface-driven phase-separation. Depending on the choice of

substrate orientation, very different microstructures can be

obtained. The results obtained in this study will guide the de-

velopment of InAlP yellow-green LEDs and possibly lasers.

II. GROWTH AND EXPERIMENT

Semiconductor thin films were grown on epi-ready semi-

insulating GaAs wafers. The wafers used in the experiments

are either exact (100) surfaces or 6� miscut towards

(�1�11)A, referred to as the miscut 6 A substrate in subse-

quent sections. The epitaxy was performed in a Thomas

Swan/AIXTRON low pressure MOCVD reactor with a close-

coupled showerhead. TMGa, TMAl, and TMIn were used as

the group III precursors and AsH3 and PH3 were used as the

group V precursors. The V/III ratio was fixed at 420 based on

previous results with InGaP.20 The growth temperature varied

between 620 �C and 725 �C depending on the specific sample.

The growth pressure was fixed at 100 Torr and purified N2

was used as the carrier gas. A 250 nm homoepitaxial layer of

GaAs was grown on the wafer before initiating the graded

buffer growth to suppress the effect of impurities on the sur-

face of the wafer. Compressively graded InxGa1�xAs buffers

were grown at a lattice mismatch grading rate of 0.5%/lm

with the composition linearly graded by computer-controlled

mass flow controllers. The graded buffer was finally capped

with a constant composition layer 0.7 lm thick. InAlP was ini-

tiated by immediately switching on the TMAl and PH3 sources

and turning off the TMGa and AsH3 sources. The thickness of

the InAlP films varied between 450 nm and 750 nm.

The composition and strain in films were experimentally

obtained using a Bruker D8 Advance for HRXRD using

symmetric h004i and glancing exit h224i reciprocal space

maps. Cross-sectional and plan view TEM images were

obtained using a JEOL 2011 microscope at 200 kV accelerat-

ing voltage. Cross-sectional TEM was obtained along both

the [�110] and [110] directions. Annular dark-field scanning

transmission electron microscopy (ADF-STEM) on a JEOL

2010F was used to qualitatively determine the degree of

composition fluctuations. The collection angle of the detector

was 49 mrad. Photoluminescence measurements were car-

ried out using a 532 nm CW laser at 5 mW and a TE cooled

Si CCD array detector.

III. RESULTS AND DISCUSSION

A. Lattice-mismatched epitaxy

Figure 1(a) shows cross-section TEM of In0.66Al0.34P

grown on an In0.2Ga0.8As relaxed film. The cap of the graded

buffer as well as the InAlP/InGaAs interface is free of misfit

dislocations, indicating good relaxation in the buffer and lat-

tice matching between InAlP and InGaAs. Plan-view TEM

revealed no dislocations in a 2.2� 10�6 cm2 area of film,

indicating a threading dislocation density of better than

4� 106/cm2 with a confidence level of 90%. Lee et al. previ-

ously sampled a larger area and obtained a threading

dislocation density of less than 1� 106/cm2 in InGaAs using

the same reactor and with similar growth conditions.19 The

growth rate was measured to be about 4Å/s at 650 �C from

TEM images. The oxygen concentration, as determined by

SIMS, varied between 2� 1016 and 4� 1016/cm3 without

significant correlation to growth temperature in the range of

620 �C–725 �C, similar to results obtained by Nishikawa

et al.21 The light/dark contrast seen in Figure 1(a) in the

microstructure of the InAlP film is very different from the

homogeneous appearance of InGaAs. This contrast has been

typically observed in all samples grown at 650 �C and will

be discussed in greater detail in subsequent sections. Figures

1(b)–1(d) illustrate the effect of growth temperature on the

initiation of InAlP on InGaAs. At 620 �C and 650 �C, the

interface is sharp and the film appears defect free, but at

725 �C despite being lattice matched, the film has a large

number of structural defects. Other groups have successfully

initiated InAlP on GaAs at temperatures greater than 725 �C
by MOCVD without interface issues. The mechanism of ini-

tiation failure in our reactor is not clear at the moment. To

overcome this problem, all InAlP samples grown at 725 �C
include a 10 nm initiation layer at 650 �C followed by a tem-

perature ramp to the 725 �C without a growth pause.

B. Composition-modulation

Several technologically important materials comprise of

ternary and quaternary III-V semiconductors alloys with

FIG. 1. Cross-section 022 bright-field TEM of In0.66Al0.34P on a lattice-

matched In0.2Ga0.8As graded buffer on GaAs. The complete structure grown

at 650 �C on an exact (100) substrate is shown in (a). Samples (b)–(d) are

grown on substrates miscut 6� towards (�1�11)A. InAlP initiated on

InGaAs at (b) 725 �C has a large number of structural defects, which quench

photoluminescence. Samples initiated at (c) 650 �C and (d) 620 �C show

room temperature photoluminescence.
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miscibility gaps that dictate the range of temperatures in

which they can be grown without phase-separation. Growth

by MOCVD is a non-equilibrium process and the microstruc-

ture of the film is thus controlled by both thermodynamic

and kinetic factors.22 This implies both the possibility of

growing homogenous metastable alloys below the miscibility

gap, as well as, new heterogeneous structures due to phase-

separation on the surface above the miscibility gap. In this

section, we describe the microstructures than can result

from phase-separation on the surface in InAlP and their

formation mechanisms. Figures 2 and 3 show bright-field

cross-sectional TEM of epi-layers of InAlP grown on exact

and miscut substrates, respectively, while changing the tem-

perature during growth between 725 �C and 650 �C. Since

there was no growth pause between the various layers, the

response time of the heater resulted in about 40–50 nm of

growth before the temperature reached the desired set-points.

In Figure 2, we see random patches of contrast in the layer

grown at 650 �C as compared to layers grown at 725 �C
when imaged using the 022 two-beam condition. The dimen-

sions of these contrast modulations are interestingly larger in

the [�110] direction as compared to the [110] direction.

Under the 004 two-beam condition, the 650 �C layer shows

faint modulation on a much finer scale. Samples grown on

the miscut-6A substrate exhibit contrast with very different

structures as seen in Figure 3. When viewed along the

[�110] direction, well defined lines of contrast modulation

are seen perpendicular to the growth direction in the 004

diffraction image. There is still some lateral modulation visi-

ble in the 022 diffraction image. When viewed along the per-

pendicular [110] direction the modulations are now tilted at

an 9–10 angle to the growth plane, slightly larger than the

angle of the miscut which is 6�. The strength of the modula-

tion also appears to increase as the layer grows but is elimi-

nated when the temperature is ramped back up to 725 �C.

Figure 4 shows dark-field images of the same samples using

the 002 reflection, which is sensitive to differences in atomic

scattering factor of the group III and group V atoms resulting

in some compositional contrast. The layers grown at 725 �C
appear homogenous, whereas those grown at 650 �C exhibit

contrast similar to that seen in the bright-field images shown

in Figures 2 and 3.

The type of modulation seen in the samples grown on

exact (001) substrates have been previously observed in

many ternary and quaternary III-V materials that are suscep-

tible to phase separation.23–25 This topic has also been

reviewed by Mahajan in 1995.26 The phase-separation is

known occur on the surface and is metastable in bulk. An

extended structure evolves when the surface diffusion of

atoms is biased by the underlying phase-separated domains

via a compositional or lattice-pulling effect that results in the

growth of columnar structures.22 Glas proposed a mechanism

for localized composition-pulling wherein a surface that had

undergone lateral composition modulation could relieve

FIG. 2. Cross-section two-beam bright-field TEM of InAlP layers grown at

650 �C and 725 �C on an exact (001) substrate. The samples are viewed

along the [110] and [�110] directions. Figures (a) and (c) were imaged

using the diffraction vector g¼ 022 and (b) and (d) using g¼ 004. Lateral

composition modulation is visible in layer grown at 650 �C, but disappears

at 725 �C. The length scale of the modulation is larger in the [�110] direc-

tion. Very fine speckle contrast is visible in both the g¼ 004 images.

FIG. 3. Cross-section two-beam bright-field TEM of InAlP layers grown at

650 �C and 725 �C on an (001) substrate miscut 6� towards the (�1�11)A

plane. The samples are viewed along the [110] and [�110] directions.

Figures (a) and (c) were imaged using the diffraction vector g¼ 022 and (b)

and (d) using g¼ 004. Vertical composition modulation is visible as stria-

tions in layer grown at 650 �C. The angle of the striations in (d) is roughly

9�–10� from the substrate surface, a few degrees higher than the angle of

miscut.
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strain energy by roughening.27 This has the effect of

locking-in the composition by subsequently attracting large

atoms to the peaks and smaller atoms to the valley. It was

also previously shown that surface roughening can even

induce phase-separation in otherwise stable alloys.28 InP and

AlP have significantly different lattice constants and bandg-

aps which should result in a high critical temperature

required to avoid the miscibility gap when compared to other

materials such as InGaAs or InAlAs. This type of composi-

tion modulation can be best seen using an in-plane diffrac-

tion vector such as the 022 as in Figures 1(a) and 2(a). We

explain the anisotropy in the size of the phase-separated

domains in the orthogonal h110i directions seen in Figures

2(a) and 2(c) by noting that group-III atoms have been

reported to have a larger surface diffusion coefficient in the

[�110] direction.29 Increasing the temperature to 725 �C
render phase separation on the surface thermodynamically

unfavorable due to increased entropic contributions to the

free energy. Increased growth temperatures, however, do not

affect a previously phase-separated region underneath as the

film is kinetically frozen due to low bulk diffusivities.

Microstructures, such as those seen in the InAlP sam-

ples, grown on miscut substrates have not been reported on

as often. Gomyo et al. have observed tilted striations in

AlInGaP samples grown on GaAs under certain growth con-

ditions.30,31 They also observe undulations in the film that

they attribute to step-bunching. Using this evidence, they

reason that since the adatom mobility of Al is much lower

than In and Ga, Al should be uniformly distributed on terra-

ces and steps whereas In and Ga adatoms, being more

mobile, preferentially attach to steps. Step-flow growth prop-

agates the In/Ga rich superstep and results in the creation of

long continuous striations of phase separation. A weaker

form of striations were observed in InGaP films and once

again explained by smaller difference in surface mobility of

Ga and In. Interestingly, Gomyo et al. also report that the

angle between the growth plane and the striations was a few

degrees higher than the miscut angle. Typical step-flow

growth, with steps or step-bunches static with respect to each

other should not result in the extra tilt that is observed,

and thus cannot be the right mechanism. Venezuela et al.

proposed an alternate mechanism by computationally and

experimentally showing the formation of tilted phase-

separated regions. This occurred due to step-bunching but by

invoking the idea that elastic strain biases different steps to

attract different adatoms.32 Larger adatoms like indium are

incorporated preferentially at peaks of step-bunches that are

under tensile strain, while smaller adatoms like aluminum

attach themselves to the steps in valleys. This is in contrast

to the mechanism of Gomyo et al. in which step-bunches

consistently prefer the more mobile atom. This alternating

preference for In and Al on the top and bottom of a step-

bunch is essential to explain the additional tilt. Liu et al.
showed by computation that an additional tilt occurs if the

base of the step-bunch periodically ejected a step that was

captured by the peak of the neighboring step-bunch.33 This

step would switch its preference of atom and, depending on

its velocity relative to the step-bunch, introduce a macro-

scopic tilt. Wang et al.34,35 use this mechanism to discuss

tilted striations in InGaAsSb grown on miscut substrates in

some detail. InGaAsSb is known to have a tendency to

phase-separate into GaAs and InSb-rich regions and in these

samples result in striations with an additional tilt of 4�. They

propose that the first step in the formation process is lateral

composition modulation followed by surface roughness, sim-

ilar to that in samples grown on exact (001) substrates. Once

the planar surface breaks into peaks and valleys, the mecha-

nism described by Venezuela and Liu takes over. Figure 5(a)

depicts the above processes in InAlP samples. The inset

shows how small lateral shifts due to step-capture and ejec-

tion can introduce an additional macroscopic tilt to the stria-

tions. We think that the dark and light striations in Figure 3

correspond to In-rich and Al-rich phase-separated regions

that occur due to this attribute of step-flow growth.

FIG. 4. Cross-section two-beam dark-field (002) TEM of InAlP layers

grown at 650 �C and 725 �C on (a) an (001) substrate miscut 6� towards the

(�1�11)A plane and (b) exact (001) surface. The samples are viewed along

the [110]. The intensity of the 002 diffracted beam is proportional to the dif-

ference in atomic number of the group III and group V elements.

FIG. 5. (a) Schematic of the surface of a miscut wafer during InAlP growth

showing step-bunches and terraces. CuPt type ordering occurs only along the

[�111] and [1–11] directions and is visible in TEM images prepared along

the [110] direction, but not the [�110] direction. The phase-separated regions

form planes in the direction of the miscut but at a slightly larger angle. The

creation of additional tilt Dh is shown. (b) Cross-section TEM along the

[�110] axis showing step-bunching on the InAlP surface grown at 650 �C.
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Figure 5(b) shows the surface of InAlP grown at 650 �C
with step-bunching. Note that some additional surface rough-

ness is expected due to the crosshatch pattern that results

from growth on graded buffers.36 InAlP when viewed along

the [�110] direction, perpendicular to the miscut, as seen

in Figure 3(a) is particularly remarkable in light of the

above model as it shows evidence of lateral composition

modulation as well. Increasing layer thickness increases sur-

face undulations resulting in stronger striations as seen in

Figure 3(d). Finally at a temperature of 725 �C, lateral com-

position modulation is eliminated (as seen in Figure 2), and

thus also removing the striations.

To qualitatively determine the degree of phase-

separation in InAlP, we grew a structure that comprised of

In-rich InAlP quantum wells embedded in InAlP inner-clads

of lower indium composition at 650 �C and outer-clads grown

at 725 �C. The outer-clads on either side serve as reference

layers as little or no phase-separation is expected in them.

The inner-clads grown at 650 �C are designed to be roughly

identical in composition to the outer-clads. The quantum

wells have 0.08 atomic fraction more indium as compared to

the cladding layers. The results from ADF-STEM are shown

in Figure 6 along with intensity profiles sampled along the

dotted rectangular area. The structure was imaged along the

[�110] zone axis while minimizing diffraction contrast. The

In-rich quantum wells are clearly brighter than the rest of the

sample. The striations due to phase-separation are also seen

in this image but with a lower degree of intensity modulation

as compared to the quantum wells. This provides us with a

rough estimate for the fluctuation at about 0.02–0.03 In

atomic fraction. This is close to the value of 0.04 reported by

Pastore et al. using high angle-ADF STEM in InGaP samples

grown on vicinal GaAs substrates.37

C. CuPt-B ordering

While many III-V compounds phase separate and

undergo atomic ordering, there are few studies that investigate

the simultaneous occurrence of the two or the effect of one on

the other. InAlP undergoes CuPt-B ordering at 650 �C allow-

ing us to study the unique microstructure that results from

phase-separation and ordering. An InxAl1�xP film with an

order parameter g consists of monolayer superlattices of

In(xþg/2)Al(1�x�g/2)P/In(x-g/2)Al(1�xþg/2)P along the [111]B

direction. When x¼ 0.5, the order parameter g can range

from 0 (disordered) to 1 (ordered) but is experimentally found

to be always less than 1 and the film is said to be partially or-

dered.38 Growth at compositions away from In0.5Al0.5 P will

naturally result in a lower maximum achievable order parame-

ter.39 For x¼ 0.65, typical of our samples, the maximum order

parameter g is 0.7. Since these samples are grown either on an

exact (001) substrate or one that is miscut towards the

(�1–11)A, variants of CuPt-B ordering in both the 111B

directions occur. Figures 7(a) and 7(b) shows a cross-sectional

HRTEM image along the [110] direction of an InAlP layer

grown on a miscut 6A and exact (001) substrate at 650 �C.

The microstructure of InAlP grown on the miscut 6A substrate

consists of horizontal bands of material with lower order

FIG. 6. ADF-STEM images of 0.08 atomic fraction In-rich InAlP quantum

wells embedded in a matrix of InAlP with a lower indium fraction. The thick

layers grown at 650 �C and 725 �C have the same composition to within

0.01 atomic fraction. Sensitive to composition, the In-rich quantum wells

appear brighter than the rest of the layers. The degree of tilted striations due

to vertical composition modulation increases with layer thickness and even

appears to disrupt the uniformity of the quantum well (indicated by the

arrow). Image intensity profile along the dotted rectangle is plotted along-

side the image. An estimate of the maximum degree of phase-separation is

determined to be about 0.02–0.03 atomic fraction. Large scale contrast vari-

ation is due to non-uniformity in sample thickness.

FIG. 7. Cross-section HRTEM of InAlP

grown at 650 �C along the [110] direction

grown on substrates (a) 6� miscut towards

(�1�11A) and (b) exact (001) showing

double-variant CuPt-B type ordered regions

as well as phase separation. The arrows indi-

cate what we interpret as regions of higher

indium composition. Well defined regions of

lower order parameter are seen in the miscut

sample. The images are Bragg-filtered with

the (000) spot included to observe large-

scale contrast variation.
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parameter sandwiched between bands of material with higher

order parameter. The bright/dark contrast of Figure 7(a) is not

only just due to the presence of ordered domains but also ma-

terial contrast as these bands are visible in HRTEM images

along the [�110] direction (not shown) where CuPt-B order-

ing does not exist. Similarly, Figure 7(b) shows more uniform

ordering but with patches of bright/dark contrast similar to the

morphology of phase-separation on exact (001) substrates.

We think that the bands of contrast seen in the HRTEM image

7(a) are the composition modulation striations that occur dur-

ing phase-separation discussed in Sec. III B.

Ordering in III-P alloys is commonly thought to occur

due to P-dimer induced sub-surface strain during growth.40,41

Once a material is ordered, subsequent layers of growth

lock-in the ordered phase due to low values of bulk

inter-diffusion when compared to sub-surface inter-diffusion.

Di�eguez et al. noticed a competition between “fine contrast

modulation” in TEM and ordering in InGaP grown at 650 �C
and reported that the occurrence of one resulted in the dimin-

ishing presence of the other.42 Konaka et al. similarly discuss

the slight suppression of phase-separation in InGaAsP at

630 �C in the presence of ordering.43 This can be understood

by introducing the sub-surface strain energy from the dimeri-

zation process into the free energy term used to calculate the

miscibility gap. Our experiments showing both phase-

separation and ordering at 650 �C imply that the miscibility

gap was not lowered enough by ordering. If InAlP phase

separated after ordering had taken place on the surface, the

HRTEM image of Figure 7 should be mostly disordered

due to large scale diffusion involving distances of tens of

nanometers. This implies that phase separation occurs before

ordering and in the first few monolayers of deposition. This

is reasonable as surface diffusion coefficients are indeed

high enough to allow for features with such length scales and

is consistent with our discussion on phase-separation. Once

phase-separated and buried a few monolayers in, strain

induced by the dimers order these regions.

While it is possible that the composition difference

between the phase-separated regions accounts for some of

the order-parameter variation seen in Figure 7(a), the

HRTEM of InAlP grown on exact (001) surface in Figure

7(b) suggests otherwise. We indicate two regions that are

darker, likely due to phase-separation, and that are still sig-

nificantly ordered. Due to the random structure of phase-

separation on exact (001) substrates it was not possible find

larger In-rich regions in the very thin sections of the sample

where the HRTEM images were captured. Results from

ADF-STEM in Figure 6 also indicate that the composition

modulation is small and should not change the order param-

eter as significantly as is seen. An alternate explanation for

the order parameter variation might lie in the mechanism

discussed for phase-separation in Figure 5. Ordering is

known to not occur as effectively on surfaces with large

angles towards the (�1�11A) from the (001) plane due to

an increase in the switching density between the two var-

iants.38,44 The geometry of the surface in Figure 5 results

in the In-rich striations to be ordered primarily by the

high-angle step-bunched surface, whereas those rich in alu-

minum are ordered by the (001) terraces. This results in a

low degree of ordering in the In-rich regions and a high

degree of ordering in the Al-rich regions, consistent with

our observations. We did not observe much step-bunching

on the InAlP film grown on the exact (001) surface and thus

little variation in the order-parameter between phase-

separated regions is seen. In summary, the processes occur-

ring on the surface during InAlP growth result in very

unique microstructures with varying composition and order

parameters not previously observed.

D. Effects of doping on composition modulation and
ordering

Dopants have been widely used to intermix III-V materi-

als, and thus have application in controlling otherwise sponta-

neous processes during InAlP growth.45 We present the effect

of silicon and zinc doping on the microstructures discussed in

the previous sections using results from two experiments.

Figure 8(a) shows a cross-sectional TEM image of an InAlP

film grown on an exact (001) substrate at 650 �C with in-situ
silicon doping from Si2H6 varied in steps during growth from

1� 1019/cm3 to 8� 1019/cm3. An increase in dopant density

clearly reduced composition modulation. Stringfellow et al.
report that Si doping in InGaP does not influence step struc-

ture, in contrast to Te or Sb which smoothen the surface.46

FIG. 8. (a) Cross-section 022 two-beam

bright-field TEM of InAlP grown on InGaAs

at 650 �C showing compositional inhomoge-

neity as a function of silicon doping from

1� 1019/cm3 to 8� 1019/cm3 on an exact

(100) substrate. Increasing silicon doping

lowers compositional inhomogeneity. It was

not possible to achieve similar levels of dop-

ing with Zn. (b) Cross-section bright-field

TEM image along the [110] zone-axis of p-i-

n layers of InAlP grown on a miscut 6 A sub-

strate. Selected area diffraction was used to

collect [110] zone TED patterns from the

three layers. Doping with Si and Zn removes

ordering and very high levels of Si doping

also removed phase-separation.
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The elimination of roughness and bunching is thus not an ex-

planation for the diminished compositional inhomogeneity.

Silicon is known to increase the bulk diffusivities of group-III

elements by the Fermi-level effect which increases the con-

centration of point-defect species. For example, an enhance-

ment of the Al bulk diffusion coefficient at a Si doping level

2� 1019 was reported by Baird et al., using InGaAs/InAlAs

superlattices.47 However the concentration of silicon dopant

atoms necessary to eliminate phase separation is, strangely,

very similar to that necessary for the elimination of ordering

observed in InGaP46 and InAlP. This suggests a surface-

dominated mechanism at play. It is unclear why similar dop-

ing levels are required to achieve intermixing over two differ-

ent length scales of a few nanometers (ordering) and tens of

nanometers (phase separation). It might be possible that rather

than inter-diffusing previously phase-separated structures in

the bulk, Si prevents the onset of phase separation on the

growth surface. Further studies are needed to determine the

mechanism by which this is achieved.

Figure 8(b) shows a bright-field cross-section TEM

image of an InAlP film grown completely at 650 �C, this

time with silicon and zinc dopants incorporated during

growth. The sample is aligned along the [110] zone axis

without any tilt. Selected area diffraction patterns along the

[110]-zone axis from the three regions are shown alongside

it. The undoped region is ordered, but the adjoining regions

doped with silicon and zinc is disordered. We see that zinc

dopant atoms disorder InAlP at a concentration of 1� 1018/

cm3 but do not eliminate phase-separation. Incidentally, this

confirms that the striations discussed previously are not

caused by diffraction contrast from ordering. The mechanism

by which zinc enhances inter-diffusion in bulk is different

from silicon due to the combined effects of the Fermi-level

as well as increased group-III interstitial concentrations due

to zinc diffusion, the kick-out mechanism. We were not able

to incorporate more zinc into InAlP during growth to deter-

mine the concentration at which phase-separation is also

eliminated. Achieving high levels of zinc incorporation is a

challenge in InAlP due to fast desorption from the surface.44

Dabkowski et al. showed that diffusing zinc into ordered

InGaP ex-situ, after growth, at a concentration greater than

1� 1019 cm3 removed of both ordering and composition

modulation.48,49 In summary, dopants might be used as an

additional process parameter to control the microstructure of

InAlP. It allows us to the opportunity to de-couple phase-

separation and ordering in InAlP.

E. Photoluminescence

Motivated by the prospect of using ordered InAlP as an

LED or laser active layer, photoluminescence (PL) measure-

ments were carried out on some of these films to investigate

their optical quality. We report that at room-temperature, the

InAlP sample with a 568 nm emission had a promising 8%

relative intensity compared to solar-cell-grade disordered

In0.5Ga0.5P at 674 nm. 10 K PL intensity from InAlP was

comparable to that from In0.5Ga0.5P. We are currently in the

process of identifying loss mechanisms. Figure 9 shows

room-temperature normalized PL spectra from InAlP

samples grown at 620 �C, 650 �C, and 725 �C. The order pa-

rameter was not quantified independently in these samples

and so the peak position could not be used to verify

bandgap-composition relations reported in literature for

InAlP. This study is currently being undertaken. The relative

peak intensities from samples do not change significantly as

a function of miscut or growth temperature indicating that

the small-degree of phase-separation does not appear to be

an issue. We do, however, observe a general trend of lower

peak-widths with increasing temperature from 620 �C to

725 �C. The peak-width from a sample grown on an exact

substrate was also larger than that from the sample grown on

a miscut substrate. Wang et al. also observed greater 4K PL

peak-width from GaAsSb samples grown on exact (001) sub-

strates and correlated it to a larger degree of phase-separa-

tion.34 At this point in time, it is not possible to be certain

that the increased peak-width corresponds to a greater degree

of phase-separation as ordering might also play a role. The

microstructures seen in Figure 7 are complicated and more

experiments are needed to determine the exact contribution

of ordering and phase-separation to the photoluminescence

spectra. We also have early results showing that the strain

fields from the underlying InGaAs graded buffer might con-

tribute to this increase in peak-width and will be the subject

of a subsequent study.

IV. CONCLUSIONS

With rising demand for high-brightness LEDs in solid-

state lighting and displays, it has become important to revisit

materials that were traditionally considered unsuitable for

light emission. Direct-bandgap InAlP can be used to access

FIG. 9. Room-temperature photoluminescence spectra of InAlP films grown

at 620 �C, 650 �C, and 725 �C on exact (001) and 6� miscut substrates

towards (�1�11)A. The composition and order parameter vary between the

samples. The peak-widths of the spectra are greater on exact (001) substrates

and in samples grown at lower temperatures.
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wavelengths lower than those available to InGaP and

AlInGaP and disorder/order heterostructures have been pro-

posed to achieve carrier confinement for light-emitting devi-

ces. The simultaneous occurrence of phase separation and

CuPt-B ordering was observed and surface-kinetics based

mechanisms that could result in the unique microstructure,

including its effect on ordering, were discussed. The phase

separation seen in InAlP occurs at the surface within the first

few atomic layers during growth followed by ordering in the

sub-surface. The samples grown on exact substrates were

more uniformly ordered, whereas those grown on vicinal

surfaces exhibited bands of order parameter variations which

we propose is due to the effect of step-bunching. The phase

separation did not result in lowered PL intensity but did

increase the peak-width. Epi-layers grown on miscut sub-

strates reduces the detrimental effect of phase separation on

PL peak-width while retaining ordering and is best suited for

device fabrication. Dopants can also be used to eliminate

phase-separation and ordering at 650 �C providing another

option for control over the microstructure. The emission in-

tensity from InAlP at 568 nm is currently 8% as intense as

that from solar-cell quality InGaP grown at NREL at 674 nm

and we expect it to improve with the identification and re-

moval of defects and impurities. These results indicate that

the use of ordered InAlP in the active region is a viable

option for efficient light emission in the 560–580 nm range.
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