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ABSTRACT

GaAs-on-Si epitaxial crystal quality has historically been limited by a number of

growth-related defects. In particular, antiphase domain boundaries (APBs) can

nucleate at the GaAs/Si interface and propagate throughout the entire GaAs

layer. Still little is known about how thermal processing can affect the APB

density in GaAs. In this study, GaAs was grown on nominally on-axis Si(001) by

metal–organic chemical vapor deposition. The effect of ex situ post-growth

annealing was evaluated for a temperature range of 550–700 �C. It was found

that upon annealing the APB density was decreased significantly. The rate of

APB density decrease was found to be temperature dependent. At annealing

temperatures of 650 �C and above, the APB density was reduced from

0.10 lm-1 to approximately 0.010 lm-1 in less than 10 min. The activation

energy for APB dissolution was determined to be 3.8 eV. The mechanism of

APB dissolution is discussed.

Introduction

High-quality GaAs-on-Si epitaxy is a critical step for

the integration of III–V compound semiconductors in

future transistor technologies. The higher electron

mobilities that are characteristic of III–V compounds

could theoretically solve the recent slowdown of

performance gains with Si-based device scaling, i.e.,

Dennard scaling [1]. GaAs, while having a greater

electron mobility than Si, will likely be incorporated

in these future technologies as a buffer layer material

for other III-Vs such as InGaAs [2, 3].

While much research has been conducted on the

epitaxial growth of GaAs on Si over time, many of the

same issues that plagued early development are still

relevant. In particular, the presence of defects such as

antiphase domain boundaries (APBs) in the GaAs

films remains a significant challenge. APBs nucleate

at single steps on the (001) Si surface as a conse-

quence of the polar-on-nonpolar growth [4]. Like

atoms become bonded together in the layer forming

planes of antisite defects, i.e., Ga–Ga and As–As

bonds. Classic strategies for avoiding APB nucleation

include using off-cut Si wafers [5–8] and annealing

the wafers above 1000 �C to induce a double-step
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reconstruction of the Si surface prior to GaAs growth

[9, 10]. However, current industrial process flows are

based on wafers with no intentional off-cut and

restricted thermal budgets rendering these solutions

largely impractical. It is also possible to suppress

APBs by simply growing the GaAs layers to several

microns in thickness [11, 12]. Later work demon-

strated that APBs have a tendency to self-annihilate

during growth with increasing film thickness [13]. In

practice, epitaxial film thickness should be mini-

mized to save cost and time. Thick GaAs-on-Si films

also have the potential to crack upon cooldown due

to thermal stresses [14, 15]. Thus, other methods must

be explored to reduce the density of APBs in sub-

micron epitaxial GaAs layers on nominally on-axis

Si(001) wafers.

Post-growth annealing of GaAs layers grown on Si

has been investigated as a method of reducing the

density of threading dislocations (TDs) that arise

during growth from the lattice mismatch [16–18].

Yamaguchi et al. [17] and Ayers et al. [18] found

corresponding activation energies for dislocation

annihilation during annealing of 1.35 eV and 1.91 eV,

respectively. However, the effect of annealing treat-

ments on APBs in GaAs-on-Si layers has not been as

well studied. Chu et al. [19] showed a reduction in

APB density after a single anneal condition of 2 h at

800 �C. APB evolution under anneal was examined

recently for GaP-on-Si, but the effect of anneal tem-

perature on APB density was not quantified [20, 21].

In order to better understand the effect of post-

growth annealing on the process of APB annihilation

in III-V films, a systematic study was conducted for

GaAs grown on Si(001) by metal–organic chemical

vapor deposition (MOCVD). It is shown that APB

density can be reduced with post-growth thermal

treatments. An activation energy for APB annihila-

tion during annealing is extracted from an Arrhenius

relationship, and a plausible mechanism for the

underlying process is proposed.

Materials and methods

Samples for this study were taken from a single

GaAs-on-Si wafer to ensure that all had experienced

similar growth conditions prior to annealing. The

substrate was a commercially available 300 mm

Si(001) wafer with no intentional off-cut. Before being

transferred into the growth chamber, the native oxide

was removed from the Si substrate in a selective

process that has been discussed previously [22, 23].

This pre-clean procedure can greatly reduce the

density of nucleated APBs [23]. The substrate was

then transferred under vacuum to an industrial III-V

MOCVD reactor for the GaAs film growth. The pre-

cursors used for Ga and As were trimethylgallium

(TMGa) and tertiarybutylarsine (TBAs), respectively.

The V/III ratio was within the standard MOCVD

process range, and the chamber was maintained at

typical reduced pressure ambient during film

growth. An initial layer of 200 nm of GaAs was

grown at a low temperature (\ 550 �C) followed by

an additional 200 nm of GaAs grown at a higher

temperature ([ 600 �C, \ 650 �C). This two-step

process is commonly employed in GaAs-on-Si epi-

taxy to improve crystal quality [11, 24]. Higher bulk

growth temperatures also have the effect of acceler-

ating APB annihilation in GaAs-on-Si [25].

Prior to annealing, samples were encapsulated

with 20 nm of Al2O3 deposited at 200 �C by atomic

layer deposition (ALD) to prevent surface degrada-

tion. Samples were annealed at temperatures of 550,

600, 650, and 700 �C over a range of times. Longer

anneals ([ 5 min) were performed in a tube furnace

with Ar ambient, and shorter anneals (\ 5 min) were

performed in a rapid thermal anneal (RTA) system

with Ar ambient. Test anneals with overlapping

times were done to ensure consistency between the

furnace and RTA. After annealing, the Al2O3 caps

were removed by dipping the samples in pure

HF(49%) for 30 s.

APBs in the as-grown and annealed samples were

revealed using an APB-selective etchant of

HF(49%):HNO3(69%):H2O (20:1:7). Samples were

etched for 10 s. Images of the sample surfaces in

various areas were then taken with a scanning elec-

tron microscope (SEM) and APB features were traced

in ImageJ software [26]. The APB density was quan-

tified as the total APB line length measured over the

total observed surface area, giving units of lm-1. For

depth profiling of APB density, groups of samples

were annealed side by side for each given anneal

condition. Subsequently, a non-selective etchant of

CH3OH:H3PO4(85%):H2O2(30%) (10:1:1) was used to

etch the GaAs layer in the samples down to different

thicknesses. The remaining GaAs film thickness was

measured with a JA Woollam M88 ellipsometer, and

then the selective HF/HNO3 etchant was used to

delineate the APBs.
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Results

Annealing treatments had a noticeable effect on the

density of APBs at the surface of the GaAs layer.

Figure 1 shows representative plan view SEM images

of the GaAs surface after etching with the APB-se-

lective HF/HNO3 solution for an as-grown sample

(a) and a 650 �C, 7.5 min furnace annealed sample

(b). The APB density is reduced from 0.10 to

0.014 lm-1 after annealing, and there is also a clear

decrease in the number of antiphase domains present

in a given area. The corresponding histograms of

domain size, i.e., APB loop length for a domain, for

all domains counted in the as-grown sample and the

sample annealed at 650 �C for 7.5 min are shown in

(c) and (d), respectively. There is a significant

decrease in the average domain size after annealing.

It can then be inferred that the APBs must be mobile

during the anneal and that the net motion is toward

their centers of curvature. This motion eventually

leads to self-annihilation.

Figure 2 shows the surface APB densities of the

GaAs-on-Si samples for all annealing conditions.

There is a clear and consistent trend of decreasing

APB density with increasing anneal time and tem-

perature. For the higher temperature anneals at

650 �C and 700 �C the APB density decreases very

rapidly but plateaus at a nonzero value. These low

densities represent an average of one to two anti-

phase domains present in a given SEM image of

approximately 200 lm2. The presence of domains

even after relatively long and high temperature

anneals may be explained by the energetics of APB

habit planes. APBs tend to facet along planes that are

Figure 1 Plan view SEM images of GaAs-on-Si surface after

etching in APB-selective HF/HNO3 solution for samples as-grown

(a) and after a 650 �C, 7.5 min furnace anneal (b). The APB

densities before and after annealing are 0.10–0.014 lm-1,

respectively. The corresponding histograms of domain size for

all counted domains are shown in c for the as-grown sample and in

d for the 650 �C, 7.5 min anneal sample.
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stoichiometric and thus the lowest energy cost [27]

and are commonly observed on {110} type planes

[28, 29]. Thus, the plane of propagation for an APB

greatly impacts the boundary energy [30]. It is feasi-

ble that the conditions of few antiphase domains,

such as the initial size and APB habit plane, are such

that the energy cost to facilitate annihilation during

annealing is too great for the conditions observed

here. Regardless, annealing shows a significant

impact on antiphase domains in GaAs-on-Si as over

90% of domains at the surface are eliminated and the

APB density is reduced by an order of magnitude.

In order to gain further insight on the evolution of

APBs during post-growth anneals, depth profiles of

the APB density in GaAs-on-Si samples were

obtained for selected anneal conditions of varying

time and temperature. Figure 3 shows the APB den-

sity depth profiles for these annealed samples along

with an as-grown sample. In the as-grown sample,

the APB density starts very high near the GaAs/Si

interface but then drops significantly with the onset

of the higher temperature bulk growth layer. This

decrease is consistent with the tendency of APBs to

kink over from vertical {110} type planes to inclined

higher-index planes, e.g., {111} or {112}, and self-an-

nihilate at higher growth temperatures [25, 31]. The

inverse relationship of APB density with film thick-

ness also demonstrates that APBs are energetically

unstable. After annealing at 600 �C for 10 min, it is

observed that the APB density closer to the surface of

the GaAs layer begins to decrease relative to the as-

grown sample. In the middle of the GaAs layer, the

APB density remains approximately the same. Thus,

it is hypothesized that APBs begin self-annihilating

from the surface down during annealing. Annealing

for longer time (30 min) or at a higher temperature

(650 �C) leads to an enhanced reduction in APB

density throughout the GaAs layer. With an anneal of

at least 650 �C for 10 min, the APB density for this

sample is reduced to nearly undetectable limits for

the majority of the GaAs film. It is unclear when

increasing anneal time at 600 �C from 10 min to

30 min why the APB density in the bulk decreases

much more than the APB density at or near the sur-

face. It is possible that there are surface effects that

are a factor in APB migration and annihilation and

thus the annihilation rate in the bulk cannot be

directly compared to that at the surface. The scope of

this work will focus on APB annihilation rate at the

surface of the GaAs-on-Si film.

The thermally activated motion and subsequent

annihilation of APBs observed for GaAs-on-Si in this

study is similar to the motion of APBs that has been

investigated in metals and metal oxides. According to

the theory established by Allen and Cahn [32], APBs

in binary alloys evolve to reduce their curvature and

the density of APBs changes with annealing time as

t-1/2. This time dependence of APB density with

Figure 2 Plot of surface APB densities in the GaAs layer for

different annealing conditions. All samples were capped with

Al2O3 during the anneals. APB density consistently decreases

with increasing anneal time and temperature.

Figure 3 Plot of APB density versus GaAs film thickness for

different anneal times and temperatures, including as-grown. The

APB density decreases toward the surface of the GaAs layer after

a 600 �C 10 min anneal. After increasing the annealing time to

30 min or increasing the temperature to 650 �C, the APB density

is reduced throughout the rest of the GaAs layer.
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annealing has been observed experimentally for epi-

taxial Fe3O4 films grown on MgO [33] and for bulk

Cu–Pd alloys [34]. A similar treatment of the APB

density evolution data in this study is applied to

determine the activation energy of APB motion in

GaAs-on-Si. For simplicity, the inverse square of the

surface APB density (see Fig. 2) is plotted against the

annealing time. The rate constant for APB motion, k,

for the Arrhenius equation k = k0*exp(- Ea/kBT) is

extracted from the slope and has units of lm2 s-1.

Figure 4a shows this procedure for the APB density

versus annealing time data at 700 �C. This procedure

was repeated for the surface APB density data for all

other annealing temperatures. Figure 4b is the

Arrhenius plot of the natural log of the extracted rate

constants versus inverse annealing temperature.

From the slope of this curve, the activation energy for

the motion of APBs at the surface of the GaAs film

during annealing is determined to be 3.8 eV.

Discussion

While it is not immediately clear what atomic

exchange process facilitates the movement of an

APB during annealing, a plausible mechanism can

be proposed. The requirements for APB motion

involve the breaking of the original antisite bond,

either Ga–Ga or As–As, and then the diffusion of

the Ga or As atom to an adjacent antisite. This

process must also occur nearly simultaneously for

numerous antisite bonds for the entire APB plane to

move. The activation energy of 3.8 eV determined

in this study is very close to the activation energy

that has been reported for Ga self-diffusion via Ga

vacancies in GaAs of * 4 eV [35–37]. The self-dif-

fusion of As in GaAs is not as well studied, but is

also believed to occur via vacancies [38]. Corre-

spondingly, there is a greater thermal equilibrium

concentration of vacancies at elevated temperatures.

It follows that the motion of an APB during

annealing is likely enabled by the presence of

nearby vacancies and that the rate limiting step is

the diffusion of Ga atoms. The APBs will have a

tendency to migrate toward their centers of curva-

ture in order to reduce the total APB interfacial

area in the GaAs layer and consequently lower the

overall free energy of the system.

It should also be noted that this activation energy

for APB diffusion in GaAs-on-Si is much higher than

the activation energy previously determined for APB

kinking during growth of 1.1 eV [25]. Thus, the

reduction in APB density during film growth is

expected to be dominated by APB kinking from

adatoms aligning along higher-index planes, rather

than the diffusive motion of existing APBs. Both

processes have a large energetic driving force to

reduce the APB interfacial area and decrease the

proportion of antiphase to main phase in the GaAs

layer.

The activation energy found for APB migration

during annealing in this study is again only valid for

Figure 4 Linear fit of inverse square of surface APB density

versus anneal time at 700 �C consistent with Allen–Cahn theory

[32] is shown in a. Rate constant, k, for APB migration is extracted

from the slope. Arrhenius plot of extracted rate constants for all

annealing temperatures is shown in b. The activation energy for

APB migration is determined to be 3.8 eV.
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APBs at the surface of GaAs. The depth profiles of

APB density in Fig. 3 for different annealing condi-

tions indicate that other kinetic factors may govern

the diffusive motion of APBs in the bulk of GaAs.

Overall, these findings illustrate the need for addi-

tional computational and experimental analysis of

APB systems in GaAs and other III-V materials.

Future work should also investigate the effect of

in situ annealing with an As overpressure and whe-

ther a similar reduction in APB density would occur.

Conclusions

In summary, it was shown that APBs in GaAs

grown on planar Si(001) can be removed by ex situ

post-growth annealing. APB evolution at the surface

of the GaAs layer followed the t-1/2 time depen-

dence established by Allen and Cahn [32]. At

annealing temperatures of 650 �C and above, the

surface APB density was decreased by an order of

magnitude in less than 10 min. The activation

energy for APB migration at the surface during

annealing was determined to be 3.8 eV. The motion

of APBs is believed to be limited by Ga diffusion via

vacancies. Depth profiles of APB density for

annealed samples confirmed that the dissolution

process initiates at the surface and that the APBs

were being removed throughout the GaAs layer.

The energetic driving force for the migration of

APBs can be understood by a reduction in the total

APB interfacial area. Since it is difficult to prevent

the nucleation of APBs on Si(001) wafers with no

intentional off-cut or high temperature pre-growth

treatments, the ability to greatly reduce the grown-

in APB density with relatively little additional pro-

cessing is advantageous.
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[37] Gösele UM, Tan TY, Schultz M, Egger U, Werner P, Scholz

R, Breitenstein O (1997) Diffusion in GaAs and related

compounds: recent developments. Defect Diffus Forum

143–147:1079–1094

[38] Palfrey HD, Brown M, Willoughby AFW (1983) Self-dif-

fusion in gallium arsenide. J Electron Mater 12:863–877

7034 J Mater Sci (2019) 54:7028–7034

https://doi.org/10.1007/s10853-015-9334-0
https://doi.org/10.1007/s10853-015-9334-0
https://doi.org/10.1023/A:1017981324721
https://doi.org/10.1023/A:1017981324721

	Dissolution of antiphase domain boundaries in GaAs on Si(001) via post-growth annealing
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Acknowledgements
	References




