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Controlled polarity-inversion in GaAs/Ge/GaAs{111} heterostructures
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We have fabricated the GaAs/Ge/GaAs heterostructures on the {111}-oriented substrates

using molecular-beam epitaxy for quasi-phase matching applications in nonlinear optics.

The nonlinear optical coefficient of GaAs is beyond that of conventional LiNbO3, enabling

more efficient generation of entangled photon pairs via parametric down conversion. We

show that GaAs films with either (111)A or (111)B orientation could be grown on the

Ge/GaAs{111} substrates, regardless of the polarity of the initial substrates; the (111)A-

and (111)B-oriented GaAs overlayers were grown when the surfaces of Ge interlayers

on the GaAs{111} substrates were terminated with 1 monolayer (ML)-Ga and 1 ML-In,

respectively. Both (111)A- and (111)B-oriented GaAs overlayers have atomically flat sur-

faces and are almost free of defects, such as rotational twins and stacking faults. The

present results provide a promising way to improve the efficiency of nonlinear optical pro-

cesses in quasi-phase matching devices.

a)Electronic mail: OHTAKE.Akihiro@nims.go.jp
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III-V semiconductors, such as GaAs and AlAs, are promising materials for nonlinear optical

devices, because their nonlinear susceptibilities are significantly higher than those of conventional

nonlinear optical crystals, e.g. β -BaB2O4, LiNbO3 and LiTaO3.1–6 Phase matching is essential

to realize nonlinear optical effects such as wavelength conversion, where the phase velocities of

the excitation and conversion light must be identical. β -BaB2O4, which is most commonly used

for deep ultraviolet generation, uses birefringence for phase matching by changing the angle of

incidence of the excitation light. LiNbO3 uses ferroelectricity to overcome weak birefringence for

phase matching by periodically inverting the crystal polarity. This structure is called quasi-phase

matching (QPM), because the phase velocity mismatch is compensated by periodically reversing

the sign of the nonlinear optical coefficient.7 Owing to the lack of remarkable birefringence and

ferroelectricity in III-V semiconductors, a variety of QPM structures have been developed to over-

come the material-related constraints. Examples are periodical polarity inversion8,9 and vertical

polarity inversion10–13 using well-established technology for crystal growth and device fabrication.

Molecular-beam epitaxy (MBE) has received increased attention for the fabrication of such

structures, because of its superiority in controlling the thickness and composition of epitaxial

films. This letter reports the fabrication of polarity-inverted structure of GaAs{111} using MBE.

To achieve the polarity inversion, thin Ge films were used as interlayers. Since Ge (a=0.56754

nm) and GaAs (a=0.56538 nm) have nearly the same lattice constant (mismatch=0.38 %) and

their thermal expansion coefficients are quite close (5.73×10−6 K−1 for GaAs and 5.90×10−6

K−1 for Ge), their interface is expected to be coherent and free of defect. Although the fabrication

of GaAs/Ge/GaAs heterostructures on the {113}-14 and {111}-oriented15 GaAs substrates have

been reported earlier, polarity-inverted structures are formed only on the (113)B and (111)A sub-

strates, and the (113)B/Ge/(113)A and (111)A/Ge/(111)B structures have not been realized14,15.

Here, we show that GaAs films with either (111)A- or (111)B-orientation could be grown on the

Ge/GaAs{111} substrates, regardless of the polarity of the initial GaAs substrates. The polarity

of MBE-grown GaAs overlayers was identified on the basis of the surface characterization us-

ing electron diffraction and scanning tunneling microscopy (STM). We found that the polarity of

GaAs overlayers is controlled by the surface treatments for the Ge interlayers on the GaAs{111}

substrates: when the surface of the Ge/GaAs{111} substrate is terminated with 1 monolayer (ML)

of Ga, the GaAs overlayers show a (2×2) surface reconstruction, characteristic of the (111)A

surface. On the other hand, the GaAs overlayers grown on the Ge interlayers terminated with 1

ML of In show (
√

19×
√

19)-like surface reconstructions, providing the evidence for the (111)B-
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oriented growth. In addition, we show that the formation of twin defects in both (111)A- and

(111)B-oriented GaAs overlayers is effectively suppressed. The present growth technique makes

it possible to successively grow alternating (111)A and (111)B layers of GaAs. This is expected

to increase the conversion efficiency of nonlinear optical processes.

The growth experiments were carried out using a multi-chamber MBE system.16 The system is

equipped with STM and X-ray photoelectron spectroscopy (XPS) apparatuses for online charac-

terization. The clean surfaces of GaAs(111)A-(2×2) and (111)B-(
√

19×
√

19)-R23.4◦ were first

prepared by MBE.17 Thin Ge films were grown on the GaAs{111} substrates at 450◦C and were

subsequently annealed at 550◦C. The growth rate of Ge was approximately 0.015 bilayer (BL)/s,

which was calibrated by using intensity oscillations of reflection high-energy electron diffrac-

tion (RHEED) measurements on the (001)-oriented Ge substrate. Here, 1 BL of Ge is defined

as 1.4×1015 atoms/cm2. The GaAs films were grown on the Ge films on GaAs substrates at

450∼650◦C with an As4/Ga flux ratio ranging from 50 to 125. The growth rate was 0.02 BL/s (1

BL of GaAs{111} consists of 1 ML of As and 1 ML of Ga.

The growth processes were monitored by in situ RHEED with an electron-beam energy of 15

keV. The samples were also characterized by online STM, XPS, and low-energy electron diffrac-

tion (LEED). All the STM images were collected at room temperature (RT) in the constant current

mode with a tunneling current of 0.1 nA and sample voltages between −1.7∼−3.0 V. XPS mea-

surements were performed using monochromatic Al Kα radiation (1486.6 eV). Photoelectrons

were detected at an angle of 35◦ from the surface. The LEED patterns were recorded at RT using

primary electron-beam energies ranging from 30 to 200 eV. We obtained LEED patterns at eight

locations across the sample, and confirmed the uniformity of the surface structures.

The fabrication of GaAs/Ge/GaAs heterostructures consists of two main steps: the preparation

of thin and uniform Ge interlayers on GaAs{111} substrates and the polarity-controlled growth of

GaAs overlayers on Ge interlayers. Fisrt, since no systematic studies have been reported for the

polarities of GaAs on Ge(111), we carried out the growth experiments of GaAs on bulk Ge(111)

substrates to establish the growth procedures for the polarity-controlled GaAs overlayers. The

Ge(111) surfaces were prepared by growing undoped buffer layers (50 BL-thick) on thermally

cleaned Ge(111) substrates. In an attempt to control the polarity of the GaAs films, the Ge(111)

surfaces were terminated with 1 ML of Ga (a) or As (b), prior to the growth of the GaAs overlayers.

It has been reported that the As- and Ga-terminated Ge(111) surfaces have atomic structures in

which the outermost Ge atoms of the ideal Ge(111) surface are replaced by As18 and Ga19 atoms,
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FIG. 1. Typical filled-state STM images (A) of 10 BL-GaAs films grown on bulk Ge(111) substrates termi-

nated with 1 ML of Ga (a), As (b), or In (c), and the corresponding RHEED (B) and LEED (C) patterns. The

STM images were taken with a bias voltage of −3.0 V. Image dimensions are 500 nm × 450 nm. RHEED

patterns were taken along the [101] direction of the Ge(111) substrate. LEED patterns were taken at 178

eV (a) and 184 eV (b and c).

respectively. It was therefore expected that the (111)B- and (111)A-oriented GaAs films would

grow on the As- and Ga-terminated Ge surfaces, respectively, similarly to the case for GaAs on

As/Si(111).20

The GaAs film on the As-terminated Ge substrate was grown at 550◦C with an As4/Ga flux ratio

of ∼70, whereas the film on the Ga-terminated Ge substrate was grown at 450◦C with an As4/Ga

flux ratio of ∼120. As shown in Figs. 1(a)-B and 1(b)-B, the surfaces of the growing GaAs

films on the Ga- and As-terminated Ge(111) substrates show (2×2) and (1×1) RHEED patterns,

respectively, from the beginning of the growth (> 1 BL thickness). While only a Ga-rich (2×2)

reconstruction is observed on the MBE-grown GaAs(111)A surface,21 under conventional MBE

conditions, (
√

19×
√

19) and (1×1) structures are observed on the (111)B surface.21,22 Thus, it is

likely that the GaAs films are grown with the (111)A and (111)B orientations on the Ga-terminated

and As-terminated Ge substrates, respectively, as expected.

Figures 1(a) and 1(b) show typical filled-state STM images of 10 BL-GaAs films grown on

the Ga- and As-terminated Ge(111) substrates, respectively. The GaAs films grown on the As-

terminated substrate consists of small islands; the majority of them have triangular and hexagonal

shapes. The LEED pattern (inset in Fig. 1(b)) shows a sixfold symmetry, irrespective of the

incident electron energy, indicating the formation of rotational twin domains. On the other hand,

the GaAs films on the Ga-terminated substrate have a threefold symmetry (insets in Fig. 1(a))
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and shows a rather flat surface morphology: the surface has a smaller root-mean-square roughness

(Rq) value of 0.35 nm, as compared with that grown on the As-terminated substrate (1.27 nm).

Previous studies have shown that the GaAs growth on Ge(111) usually is accompanied by

the formation of rotational twins.23,24 The existence of twin domains potentially induces optical

scattering and reduces carrier mobilities at the domain boundaries; it is therefore undesirable for

device applications. As we will show below, the formation of twins in the (111)B-oriented film

was greatly suppressed when the initial Ge surface was terminated with 1 ML-In. The growing

surface shows (1×1) RHEED patterns from the beginning of the growth, suggesting the onset of

the (111)B-oriented growth. As shown in Fig. 1(c), the surface morphology is highly improved

(Rq=0.140 nm), and the formation of rotational twins is effectively suppressed, as can be seen

from the threefold LEED pattern.

It is interesting to note that the In and Ga, both being group III elements, induce the GaAs

growth with opposite polarities. Previous studies have shown that In- and Ga-terminated Ge(111)

surfaces have similar atomic structures.19 On the other hand, it has been reported that the inter-

diffusion occurs at the GaAs/Ge(111) interface.25 This suggests that the Ga- and In-terminated

Ge(111) structures are not preserved at the GaAs/Ge interface, and that the complex atomic rear-

rangement occurs at the interface.

The next step in achieving the polarity-controlled GaAs/Ge/GaAs heterostructures is to obtain

flat and uniform Ge thin layers on GaAs{111} substrates. The STM images and corresponding

LEED patterns for 10 BL-Ge films grown on the GaAs(111)A-(2×2) and (111)B-(
√

19×
√

19)

substrates are shown in Fig. S1 in the supplementary material. The Ge surfaces prepared on the

(111)A and (111)B substrates have similar Rq values of 0.173 nm and 0.178 nm, respectively,

whereas a slight difference was observed in step morphologies between the two surfaces. The

corresponding LEED patterns clearly show a threefold symmetry, indicating that rotational twin

domains are hardly formed in the Ge films.

Having established the growth procedures for Ge interlayers and GaAs overlayers, we are now

in a position to fabricate polarity-controlled GaAs/Ge/GaAs{111} heterostructures. Figures 2(a)-

2(d) show a series of RHEED patterns observed during the fabrication of the heterostructure on

the (111)A substrates. GaAs films were grown on the 10 BL-Ge layers on the GaAs substrates

under conditions otherwise identical to those for GaAs on bulk Ge. Prior to the growth of the

GaAs overlayers, the surface of 10 BL-Ge(111) layers was terminated with 1 ML of Ga. The

growing GaAs films show (2×2) RHEED patterns (Fig. 2(c)), indicating the formation of a
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FIG. 2. RHEED patterns taken during the growth of GaAs/Ge/GaAs heterostructures grown on the (111)A-

oriented substrates: (a) the initial (111)A-(2×2) surface, (b) the 10 BL-Ge film, (c) as-grown 10 BL-GaAs

film, and (d) 30 BL-GaAs film after annealing at 650◦C. The electron-incidence azimuth is [101]. The

RHEED pattern changes from (a) to (d) in an upward direction as the growth proceeds. (e) shows a

schematic drawing of the heterostructure. (f) and (g) show STM images taken with a bias voltage of −3.0

V from the as-grown 10 BL-thick GaAs film and the 30 BL-thick GaAs film after annealing at 650◦C, re-

spectively. Image dimensions are 500 nm×500 nm. The inset in (g) shows the corresponding LEED pattern

taken from the surface (178 eV).

GaAs(111)A/Ge/GaAs(111)A heterostructure, as shown in Fig. 2(e). Figure 2(f) shows a filled-

state STM image from the 10 BL-thick GaAs films grown at 450◦C; two-dimensional islands are

observed (Rq=0.28 nm). The density of the islands are significantly decreased after the annealing

at 650◦C under the As flux, resulting in the improved surface morphology (Rq=0.16 nm) (see Fig.

S2 in the supplementary material). The additional 20 BL-growth and the subsequent annealing

at 650◦C further improved the surface morphology, as shown in Fig. 2(g) (Rq=0.14 nm). The

RHEED pattern shown in Fig. 2(d) is quite similar to that of the initial GaAs(111)A substrate

(Fig. 2a), indicating that the overgrown GaAs film has the same orientation as the GaAs substrate.

To promote the GaAs growth with the reversed orientation of (111)B, the surface of the Ge

interlayers was terminated with 1 ML of In. Figures 3(a)-3(d) show RHEED patterns observed

during the growth on the Ge/GaAs(111)A substrate. The surface of the growing GaAs over-

layer shows very weak (
√

19×
√

19) RHEED patterns, indicating the formation of polarity-inverted

GaAs(111)B layers on the Ge/GaAs(111)A substrate (Fig. 3(e)). Although the optimum tempera-

ture for the (111)B growth is 650◦C,17 the first 10 BL-GaAs film was grown at a lower temperature
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FIG. 3. RHEED patterns taken during the growth of GaAs/Ge/GaAs heterostructures grown on the (111)A-

oriented substrates: (a) the initial (111)A-(2×2) surface, (b) the 10 BL-Ge film, (c) as-grown 10 BL-GaAs

film, and (d) 30 BL-GaAs film after annealing at 650◦C. The electron-incidence azimuth is [101]. The

RHEED pattern changes from (a) to (d) in an upward direction as the growth proceeds. (e) shows a

schematic drawing of the heterostructure. (f) and (g) show STM images taken with a bias voltage of −3.0

V from the as-grown 10 BL-thick GaAs film and the 30 BL-thick GaAs film after annealing at 650◦C, re-

spectively. Image dimensions are 500 nm×500 nm. The inset in (g) shows the corresponding LEED pattern

taken from the surface (169 eV).

of 550◦C to suppress the possible desorption of In during the growth. The low-temperature growth

results in a slightly degraded surface morphology, as can be seen in Fig. 3(f) (Rq=0.273 nm), be-

cause the surface diffusion of Ga atoms is less enhanced. Similarly to the case for the (111)A

growth, the Rq value is decreased to 0.196 nm after the annealing at 650◦C, and the subsequent 20

BL-growth at 650◦C further improves the surface morphology (Rq=0.158 nm), as shown in Fig.

3(g).

The polarity inversion of GaAs(111)B on Ge/GaAs(111)A was also confirmed by high-angle

annular dark-field scanning transmission electron microscopy (HAADF-STEM) and energy dis-

persive x-ray spectroscopy (EDX). As shown in Fig. 4(a), both the GaAs/Ge and Ge/GaAs in-

terfaces are coherent and the GaAs(111)B films are free of defects. The magnified STEM image

(Fig. 4(b)) and atomically-resolved EDX image (Fig. 4(c)) clearly show that the GaAs films were

grown with the (111)B orientation on the Ge interlayers (see also Fig. S3 in the supplementary

material).

We carried out the growth experiments on the GaAs(111)B substrate, and confirmed that
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FIG. 4. (a) HAADF-STEM image of the polarity-inverted GaAs(111)B/Ge/GaAs(111)A heterostructure.

The nominal thickness of GaAs films is 50 BL. Arrowheads indicate the positions of the GaAs/Ge and

Ge/GaAs interfaces. (b) Magnified STEM image. (c) Atomically-resolved EDX image of the region (b)

with the Ga-K (blue) and As-K (red) lines. (d) EDX image of the Ge interlayers with the Ge-K line (green).

Horizontal arrows indicate the positions of the interfaces.

polarity-controlled heterostructures are also formed on the (111)B substrate (see Fig. S4 in the

supplementary material). On both substrates, the growth temperature (450◦C for (111)A, and

550◦C and 650◦C for (111)B) is an important factor in determining the crystal quality of the

overgrown GaAs film: (111)A-oriented GaAs films grown at 550◦C gives rise to a degraded

surface morphology with the formation of rotational twins. Similarly, the successive growth of

GaAs(111)B (> 10 BL) at 550◦C results in the degradation of the surface morphology and the

formation of rotational twins.

Figure 5(a) shows the STM image taken from the 30 BL-GaAs film grown on the Ga-terminated

Ge layers on GaAs(111)A. A (2×2) periodicity is clearly seen, corresponding to the Ga-vacancy

buckling structure (inset in Fig. 5(a)).26,27 Figure 5(c) shows LEED I−V curves for the 1 0 and 0 1

beams measured from the 30 BL-GaAs films (red curves). Also shown are I−V curves measured

from the (2×2) surface on bulk GaAs(111)A (blue curves). An excellent agreement between the
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FIG. 5. Typical STM images of the 30 BL-GaAs films grown on the Ga-terminated Ge layers (a) and 100

BL-GaAs films grown on the In-terminated Ge layers (b) on the GaAs(111)A substrates. Image dimensions

are 8 nm×8 nm and 40 nm×40 nm, respectively. The images (a) and (b) were taken with bias voltages of

−1.7 V and −3.0 V, respectively. The insets in (a) and (b) show the magnified images with dimensions of

1.6 nm×2.1 nm and 6 nm×6 nm, respectively. (c) LEED I −V curves measured from the (111)A-(2×2)

surfaces of 30 BL-GaAs (red curves) and bulk GaAs (blue curves). (d) LEED I −V curves measured from

the (111)B-(
√

19×
√

19) surfaces of 50 BL-GaAs (red curves) and bulk GaAs (blue curves).

two curves further confirms that the overgrown GaAs film has a (111)A orientation. The measured

I −V curves are well reproduced by the calculations for the Ga-vacancy buckling model (see Fig.

S5 in the supplementary material).

Shown in Fig. 5(b) is the magnified STM image observed from the thick GaAs film (100 BL)

grown on the In-terminated Ge film (10 BL) on GaAs(111)A. There exist ordered and disordered

regions, and bright spots are arranged with a (
√

19×
√

19) periodicity in the ordered region (inset

of Fig. 5(a)), indicating the formation of the (111)B surface. Further evidence for the (111)B

orientation was obtained from the LEED measurements: as shown in Fig. 5(d), LEED I −V
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curves measured from the 50 BL-thick GaAs films (red curves) and the (
√

19×
√

19) surface of

bulk GaAs(111)B (blue curves) are quite similar.

Figures 6(a)-6(f) show magnified STM images of GaAs(111)B overlayers with various film

thicknesses grown on the Ge/GaAs(111)A substrate. The density of bright spots in STM images,

corresponding to the hexagonal rings in the (
√

19×
√

19) structure,28 is below 50% at the early

stage of the growth, and is increased as the growth proceeds. This means that the (
√

19×
√

19)

structure is incomplete on thinner GaAs(111)B films. As mentioned earlier, it has been re-

ported that the interdiffusion occurs at the GaAs/Ge(111) interface.20 As shown in Fig. 6(h), our

XPS measurements show that the Ge 3d signal could be clearly seen in the spectrum measured

from the 20 BL-GaAs(111)B film (B), whereas the Ge intensity for the 20 BL-GaAs(111)A film

was one order of magnitude smaller (A), suggesting that there was greater interdiffusion at the

GaAs(111)B/Ge(111) interface. Therefore, it is plausible to consider that Ge atoms are incorpo-

rated in thinner GaAs(111)B films growing at relatively high temperatures of 550◦C and 650◦C,

which disturbs the formation of the (
√

19×
√

19) structure. As the film thickness increases, the

number of Ge atoms in the GaAs film decreases because of the kinetic limitation of the diffusion,

leading to pure GaAs(111)B growth with a (
√

19×
√

19) surface. The change in the surface struc-

ture of the GaAs(111)B film is also observed in LEED I−V curves: the shape of the I−V curves

measured from the (111)B film strongly depends on the film thickness, whereas no noticeable

change was observed for the (111)A film, as shown in Fig. S6 in the supplementary material.

In conclusion, we studied the polarity of MBE-grown GaAs{111} films on Ge/GaAs{111} sub-

strates using complementary experimental techniques of RHEED, LEED, and STM. The insertion

of thin Ge interlayers enables us to control the polarity of GaAs overlayers in GaAs/Ge/GaAs{111}

heterostructures: the (111)A-oriented GaAs films are grown when the surface of Ge layers is ter-

minated with 1 ML of Ga, while the termination with 1 ML of In leads to the (111)B-oriented

GaAs growth. The present results are expected to increase the efficiency of GaAs-based QPM

nonlinear optical devices. This technique also opens attractive possibilities for the generation of

entangled photon pairs via parametric down conversion.

See supplementary material for the STM results of Ge films (Fig. S1), additional RHEED

and STM results (Figs. S2 and S4), HAADF-STEM and EDX images (Fig. S3), LEED I-V

curve analysis for the (111)A-(2×2) surface (Fig. S5 and Table S1), and LEED I-V curves for

GaAs(111)A and (111)B films with various thicknesses (Fig. S6).
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FIG. 6. STM images of the GaAs(111)B films with a bias voltage of −3.0 V (a-f). Image dimensions are

20 nm×20 nm. The (
√

19×
√

19) unit cell is indicated in (f). (g) shows the densities of bright spots in STM

images plotted as a function of the GaAs film thickness. (h) XPS spectra of Ga 3d, Ge 3d and As 3d. The

spectrum A (B) was obtained from the 20 BL-GaAs(111)A (GaAs(111)B) film on the Ga- (In-) terminated

Ge layers.
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